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Preface 


This  volume  contains  chi'!  edited  proceedings  of  2.  wor'  i'nop 
conference,  THE  SMOOTH  MUSCLE  OF  THE  ARTERIAL  WALL,  held  at  Max 
Planck  Haus,  Heidelberg,  West  Germany,  on  the  occasion  of  the 
abdication  of  the  new  Myocardial  Infarct  institute  of  *he  Univer- 
sity of  Heidelberg 

The  conference  was  a sequel  to  c le  held  three  years  earlier 
at  Lindau,  West  i^rany,  on  THE  ASTER Y AND  THE  PROCESS  OF  ARTERIO- 
SCLEROSIS. The  earlier  conference  examined  available  data  and 
conflicting  theories  on  the  pathogenesis  of  arteriosclerosis.  A 
malor  yield  of  this  gathering  was  a consensus  that  smooth  muscle 
cell  proliferation  in  the  sub-endothelial  apace  is  a fundamental 
feature  t'  af.herogenesis-  It  was,  therefore,  decided  in  a second 
conference  io  bring  together  existing  knowledge  of  arterial  smooth 
muscle  an.-  * the  structure  and  function  of  smooth  muscle  in  general. 
Accordingly  > international  and  interdisciplinary  group  of  experts 
were  gather*...  vogether  to  assess  current  knowledge,  to  attempt 
reconciliation  of  disparate  data  and  syn*-iesis  of  widely  scattered 
information  and  to  identify  critical  art*s  of  ignorance.  As  before, 
the  conference  was  conducted  in  the  font  of  a dialog  <e  with  >nly 
a rJLnlmal  number  of  formal  presentatior c. 

Grateful  acknowledgement  for  financial  cupport  of  the  confer- 
ence is  extended  to: 

The  Government  of  ,£aden-Wurttemberg,  West  Germany 

The  Marine  Biomedical  Institute  of  the  University 
of  Texas  Medical  branch,  Galveston,  Texas 

The  Office  of  Naval  Resecich,  Washington,  D.C. 

A'coo/^-T-C-  o'** 

T>-  American  Heart  Association 

The  Dow  Chemical  Company 

G.  D.  Searle  and  Company 


i 


S 


pi|i  fctt 


Firaa  Rhein  Pharma,  Plankstadt 


Firma  Selinka,  Werbeberatung,  Ravcnsburg 

Special  th'mks  are  extended  to  the  University  of  Heidelberg, 
to  Professor  Cotthard  Schettler,  anti  fr  t1^*  Max  Planck  Institute 
for  their  generous  and  gracious  hospi-ality. 

The  audiovisual  responsibilities  at  the  Conference  were  ably 
handled  by  Mr.  Harold  Druse  si  and  Mr.  Robert  Robbins  of  the  Depart- 
ment of  .•‘edic*!  Illustrations,  University  of  Texas  Medical  Branch. 
The  illustrations  were  prepared  and  some  charts  redrawn  by  Edmond 
S Alexander  and  Carol  Hoeckcr  of  the  same  department.  Mrs.  Joan 
Martin  undertook  the  entire  process  of  transcription,  typing  of 
edits,  redaction  and  organization  of  the  manuscript  with  the  assist- 
ance of  Mrs.  Diane  Townsend,  Miss  Colleen  Hogan,  Mrs.  Lucille  Smith 
and  Ms.  Moira  Martin. 
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WELCOMING  REMARKS 


Dr.  Gotthard  Schettler 


I aa  cost  pleased  to  have  the  opportunity  to  welcoae  nv 
colleagues  and  friends,  the  participants  in  this  Conference. 
After  the  successful  Lindau  neetlng  three  years  ago  we  decided 
to  continue  with  this  nult id lscipl inary  type  of  Conference. 

Since  we  Siad  to  organize  the  Third  International  Syaposiun  on 
Atherosclerosis  in  Berlin  it  was  iaposslble,  and  probably  not 
justified  at  this  tice,  to  organize  a neetlng  as  long  or  as 
large  as  the  forcer  Lindau  neetlng.  We  therefore  decided  to 
continue  in  Heidelberg  with  a "Little  Lindau  Meeting",  a neet- 
ing  which  nay  be  understood  as  a kind  of  satellite  neetlng  of 
our  Berlin  Conference  because  our  topic  will  be  closely  related 
ro  atherosclerosis  research.  However,  it  will  concentrate  on  a 
particular  topic.  This  workshop  neetlng  with  its  intinate 
ataosphere  will  provide  excellent  opportunities  for  intensive 
personal  contacts  and  uninhibited  discussions.  We  feel  that  the 
flair  of  the  oldest  university  in  our  country  and  Heidelberg 
itself  will  be  an  appropriate  and  adequate  alternative  for  the 
anbiencc  of  Lake  Constance.  The  slogan  of  our  alna  cater  ii 
"Seaper  apertus".  Heidelberg  has  always  been  very  open-cinded. 
The  political  atcospherc  is  always  exciting,  sonetines  ho'.. 


As  in  cany  other  places  we  have  had  student  violence  in 
Heidelberg.  However,  as  in  cost  other  places  the  situation  has 
stabilized  again  and  the  acadcnlc  youth  of  our  university  has 
returned  tn  the  principles  of  acadcalc  engageaent  and  achleveaent. 

Our  State  hovernsent  has  cade  strong  efforts  to  further 
develop  our  university.  Not  far  froa  this  building  you  can  sec 
the  new  University  caapus  cf  the  Heidelberg  University.  Keidel- 


Prtcciy  w Mai 


WELCOME 


berg  has  become  a center  in  aany  fields;  especially  in  physics, 
chemistry,  biochemistry,  astronomy  and  cybernetics.  The  philo- 
sophical sciences,  sociology,  and  the  faculty  of  law  have  been 
internationally  recognized  for  a long  time  and  have  produced  a 
good  number  of  highly  respected  authorities. 

The  faculty  of  medicine  is  trying  to  keep  up  with  inter- 
national standards.  The  German  Cancer  Research  Center  as  well 
as  the  Max-Planck  Institutes  of  Heidelberg  are  well  equipped  to 
perform  basic  researen  and  these  institutes  keep  strong  inter- 
national contacts.  This  is  also  true  for  our  medical  institutes 
which  are  engaged  in  close  cooperation  with  many  foreign  univer- 
sities. Our  small  Myocardial  Infarct  Institute  which  opens 
officially  today  also  provides  the  basis  for  strong  cooperation 
in  the  field  of  coronary  heart  disease  and  we  hope  that  this 
Institute  will  be  an  adequate  place  for  scientists  and  students 
from  abroad  to  perform  r -search  on  a high  level.  Furthermore, 
we  hope  that  this  type  of  cooperation  will  provide  the  basis  for 
initiating  common  research  projects. 

Heidelberg  is  one  of  the  very  few  places  in  Germany  which 
ms  not  destroyed  during  the  second  world  war.  It  is  an  example 
of  a city  living  on  old  traditions.  The  old  castle  and  the  center 
of  the  "Altstadt"  have  been  a great  attraction  for  many  tourists 
from  all  countries.  Therefore,  Heidelberg  seems  to  be  a "must" 
for  oosr  European  travel  programs.  This  may  also  help  us  to 
attract  more  and  mre  f riends  from  science  and  research  to  visit 
and  work  with  us  in  Heidelberg. 

Every  fifth  inhabitant  of  this  city  is  from  a foreign 
country  and  every  sixth  is  from  the  United  States.  So  I am 
certain  most  of  you  will  have  no  problem  getting  along  in  your 
mother  tongue  while  walking  through  the  old  part  of  the  city. 

The  barkeeper  and  "Schankwirte"  especially  will  answer  you  in 
their  particular  Pfalzisch-English:  i*.  the  same  manner  as  the/ 
used  to  answer  in  Pfalzisch-French  several  hundred  years  ago  when 
most  of  their  guests  cane  fron  France. 

You,  ny  dear  friends,  are  not  asked  to  express  your  excite- 
ment in  the  same  way  as  the  soldiers  of  Melac,  who  particularly 
enjoyed  small  fireworks  in  the  castle  and  thereby  created  one  of 
the  most  famous  ruins.  You  are,  he  /ever,  welcome  to  relax  in  the 
over-whelming  atmosphere  of  one  of  the  charming  wine-Stuben  or 
student  pubs.  This  advice,  however,  holds  only  if  the  scientific 
discussions  are  not  going  to  be  too  exhausting.  The  "Roter 
Ochse"  is  a good  example  of  one  of  these  places.  I tremendously 
regret  that  I am  not  able  to  demonstrate  sabre  fencing  for  you 
today,  since  dueling  was  such  an  important  part  of  student  life 
in  Heidelberg  during  the  last  hundred  years. 


WELCOME  xiii 

Student  disagreements  presently  are  usually  expressed  in 
the  form  of  throwing  eggs  and  all  kinds  of  paint  spraying,  go-ins, 
and  sit-ins.  Heidelberg  has  also  been  a particularly  good  example 
of  this  type  of  activity.  A more  physiological  tranquilizer  for 
this  area  seems  to  be  our  wx.ie.  I hope,  dear  friends,  you  will 
find  enough  time  and  the  proper  spirit  to  walk  around  the  Heidel- 
berg area  in  order  to  enjoy  the  hospitality  of  this  city  and  don't 
forget  to  also  visit  one  of  the  most  famous  wine  areas  of  our 
country,  the  nearby  Pfalz.  I am  sure  this  is  the  place  to  perform 
very  special  studies.  My  colleagues  and  I are  more  than  happy  to 
help  you  in  this  respect  in  a most  professional  way.  So  please, 
don't  forget  the  slogan  of  our  University,  "Semper  apertus",  which 
holds  good  not  only  for  science  hut  also  for  a good  glass  of  wine. 
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! REPLY 

I 

I Dr.  Stewart  Wolf 


T would  like  to  thank  Professor  Schettler  for  his  gracious 
welcome  and  express  our  gratitude  to  our  hosts  here  in  Heidelberg 
for  what  looks  like  not  only  an  intellectually  profitable  bur  an 
enjoyable  experience. 

There  were  three  people  'ho  were  unable  to  ccme  at  the  last 
minute  but  who  are  listed  in  your  programs:  Dr.  Benditc  from 
Seattle,  Dr.  Cookson  from  Canada  and  Dr.  Butcher  from  Massachu- 
setts. There  may  be  others.  This  conference  as  Professor 
Schettler  has  mentioned,  grew  out  of  the  Lindau  Conference  that 
we  had  three  years  ago  in  the  beautiful  area  of  Bodensee.  That 
conference  was  devoted  to  a general  look  3t  the  pathogenesis  of 
arteriosclerosis.  The  effort  was  to  try  to  reconcile  disparate 
theories  and  to  see  where  lay  the  most  promising  leads  for  future 
work. 


From  that  most  successful  and  enjoyable  meeting  there 
emerged  the  conviction  that  one  of  the  most  important  elements  in 
the  pathogenesis  of  arteriosclerosis  was  the  nature  and  behavior 
of  vascular  smooth  muscle  cells.  Therefore  in  planning  for  this 
conference  we  sought  participants  who  tiad  focused  their  interest 
on  the  smooth  muscle,  not  limiting  the  group  to  those  individuals 
who  had  been  particularly  concerned  with  arterial  smooth  muscle 
as  related  to  the  genesis  of  arteriosclerosis.  The  objective 
•■hen  of  this  conference  is  not  to  discuss  the  pathogenesis  of 
arteriosclerosis  but  to  engage  in  an  interdisciplinary  discourse 
on  vascular  smooth  muscle,  attempting  a synthesis  of  our  know- 
ledge of  this  very  important  structure  from  the  point  of  view  of 
anatomy,  function,  metabolism  and  so  forth.  As  we  did  at  Lindau, 
we  hope  through  interdisciplinary  discourse  to  reconcile  disparate 
data,  interpretations  anJ  theories. 
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Chapter  1 

STRUCTURAL  CHARACTERISTICS,  MECHANISMS  OF  CONTRACTION, 
INNERVATION  AND  PROLIFERATION  r, F SMOOTH  MUSCLE  CELLS 

ULTRASTRUCTURE  AND  FUNCTION  OF  VASCULAR  SMOOTH  MUSCLE 
Opening  Address  by  Dr.  Andrew  P.  Somlyo 


The  major  functions  of  vascular  smooth  muscle  are  contrac- 
tion, thereby  mediating  vaso  constriction,  and  the  synthesis  of 
the  extracellular  proteins  and  polysaccharides  of  the  vascular 
wall.  Through  this  latter  function  they  contribute  to  the  archi- 
tecture or  morphogenesis  of  the  artery.  I shall  deal  in  this 
presentation  with  contractility.  The  two  main  aspects  of  con- 
tractility that  have  to  be  related  to  structure  are:  (1)  Excita- 
tion-contraction coupling,  the  process  of  triggering  contractions 
and  (2)  the  mechanism  of  contraction  itself. 


In  a striated  muscle  twitch  the  excitation-contraction 
coupling  process  consists  first  of 
Calcium  and  contract-  the  release  of  calcium  by  the  action 
ion.  The  role  of  potential.  Calcium  emerges  from  an 

sarcoplasmic  reticulum  intra-cellular  storage  site,  the 
and  mitochondria.  terminal  cisterna  of  the  sarco- 

plasmic reticulum  (157).  The  rise  in 
intracellular  free  calcium  concentration  triggers  contraction, 
which  is  accomplished  by  the  sliding  movement  of  the  thin  (actin) 
filaments  along  the  thick  (myosin)  filaments  (401),  accompanied 
by  the  breakdown  of  ATP  by  the  actin  activated  myosin  ATPase  (73). 

One  of  the  questions  facing  us,  until  a few  years  ago  was 
whether  one  could  demonstrate  in  vascular  smooth  muscle  an  intra- 
cellular calcium  storage  site;  that  could  function  in  a manner 
analogous  to  the  sarcoplasmic  reticulum  in  striated  muscles.  To 
answer  that  question,  it  was  necessary  to  show  more  than  the 
presence  of  an  occasional  incracellular  tubule  in  electron  micro- 
graphs of  singLe  section.  Such  infrequent  tubules  could  represent 
merely  extracellular  invaginations  rather  than  the  sarcoplasmic 
reticulum  (153).  To  establish  the  existence  of  a functional 
sarcoplasmic  reticulum,  it  was  necessary  to  demonstrate  an  intra- 
cellular organelle  system  that  was  not  in  direct  communication 
with  the  extracellular  space,  yet  made  sufficiently  close  contact 
with  the  surface  membrane  to  permit  its  regulation  by  membrane 
electrical  activity.  It  was  also  necessary  to  show  that  such 


1 


2 


CHAPTER  1 


tubules  could  accuaulate  the  divalent  cations  that  could  activate 
contraction.  Each  of  these  criteria  have  been  met  in  reptilian 
and  in  mammalian  smooth  muscle  (80,  81,  358,  370),  and  it  has 
been  proposed  that  the  sarcoplasmic  reticulum  of  vascular  smooth 
muscle  contributes  to  the  activation  process  in  a manner  similar 
to  that  in  striated  muscle.  This  suggestion,  however,  does  not 
imply  that  the  sarcoplasmic  reticulum  of  vascular  smooth  muscle 
contributes  to  the  activation  process  in  a manner  similar  to  that 
in  striated  muscle.  Neither  does  it  imply  that  the  sarcoplasmic 
reticulum  is  the  sole  source  of  activator  calcium  in  smooth  muscle. 

The  sarcoplasmic  reticulum  in  vascular  smooth  muscle  con- 
sists of  a communicating  system  of  small  tubules  (Fig.l)  that 
often  form  fenestrations  about  the  surface  vesicles  and,  at  other 
points,  come  to  within  10-12  nm  of  the  plasma  membrane.  The 
regions  of  close  proximity  between  the  junctional  sarcoplasmic 
reticulum  and  the  plasma  membrane  are  called  couplings  (Fig.  2), 
in  analogy  with  the  similar  structures  in  cardiac  muscle  (96,  373). 
They  are  traversed  by  small  electron  dense  structures  with  a 
period  of  approximately  20-25  nm  (80,  81,  358).  It  is  thought 
that  the  twitch  contractions  of  vascular  smooth  muscles,  triggered 
by  action  potentials  (371),  are  mediated  through  che  release  of 
calcium  from  the  sarcoplasmic  reticulum  at  the  couplings  (370). 

The  use  of  extracellular  markers  (e.g.  ferritin,  colloidal  lanth- 
anum, horseradish  peroxidase)  that  enter  the  extracellular  space 
including  surface  vesicles,  bu^  not  the  tubules  discussed  above, 
confirmed  that  the  system  we  are  dealing  with  is  a true  sarco- 
plasmic reticulum  and  not  one  of  extracellular  invaginations 
comparable  to  the  T-tubules  of  striated  muscles. 

The  volume  of  the  sarcoplasmic  reticulum  is  significantly 
different  in  different  types  of  smooth  muscle.  It  in  only  about 
rabmt  2Z  of  the  cytoplasmic  volume  in  the  rabbit  portal-anterior  mesen- 
teric vein  or  taenia  coli,  while  it  amounts  to  5 - 7.5%  of  the 
cytoplasmic  volume  in  the  main  pulmonary  artery  and  aorta  of  the 
same  species  (80).  The  functional  properties  of  these  different 
smooth  muscles  correlate  rather  well  with  the  proportion  of  the 
sarcoplasmic  reticulum,  as  will  be  discussed  by  Avril  Somlyo 
(see  page  44  ).  One  might  recall  that  the  terminal  cistema  of 
raoo  the  frog  sartorious  muscle,  thought  to  contain  all  the  cilcium 
necessary  for  activation  of  the  striated  muscle,  comprise  approx- 
imately 5%  of  the  cytoplasmic  vclume  (253) . 

The  uptake  of  divalent  cations  by  the  sarcoplasmic  reti- 
culum of  intact  vascular  smooth  muscle  is  most  readily  demon- 
strated by  incubation  of  such  preparations,  prior  to  fixation,  in 
a physiological  salt  solution  containing  strontium  (370).  Siron- 
cium  has  a higher  atomic  number,  and  for  a given  concentraf ion 
is,  therefore,  more  electron  opaque  than  calcium,  and  it  can  sub- 
stitute for  the  latter  in  a number  of  physiological  processes. 
Strontium  is  accumulated  by  isolated  sarcoplasmic  reticulum 
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Figu » 1:  Sarcoplasmic  reticulum  in  rabbit  main  pulmonary  artery.  Transverse  lection  shows  the 
greater  amount  of  sarcoplasmic  reticulum  in  this  type  of  smooth  muscle  than  in  portal-anterior 
mesenteric  vein.  The  more  centrally  located  tubules  of  sarcoplasmic  reticulum  continue  towards  the 
periphery  and  make  contact  (arrowhead)  with  the  surface  membrane.  (Devine,  C.E.,  Somlyo,  A.V. 
and  Somlyo.  A.P.:  J.  Cell  Biology  52:  690-718, 1972.)  Mag.  37.800  x. 


i 


* Figure  2:  Sarcoplasmic  reticulum-surf  aco  membrane  coupling.  This  high  magnification  view  of  a 

I transverse  section  of  rabbit  portal-anterior  mesenteric  vein  shows  the  close  relationship  between  the 

- two  membrane  systems,  and  the  periodic  densities  connecting  the  gap  between  the  inner  plasma 

membrane  and  outer  lamina  of  the  sarcoplasmic  reticulum  membrane  (arrowheads).  (Somlyo,  A.P. 
; and  Somlyo,  A.V.,  In  press.)  Mag.  153,000  x. 
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(from  striated  muscle)  and  by  mitochondria  (from  liver)  in  a 
manner  similar  to  calcium  (125,  402) , and  can  also  activate  the 
actomyosin  ATPase  of  striated  muscle  (85).  Incubation  of  portal- 
anterior  mesenteric  win  smooth  auscle  strips  in  a solution  con- 
taining 10  itM  strontium  is  accompanied  by  some  increase  ir.  the 
spontaneous  contractile  activity  (370) . When  such  preparations 
are  fixed,  after  incubation  for  1 hour  in  this  solution,  and 
examined  in  the  electron  microscope,  the  lumen  of  the  sarcoplasmic 
reticulum  is  found  to  contain  electron  opaque  deposits  (Fig. 3), 
indicative  of  the  uptake  of  strontiun  (370).  Similar  deposits  of 
strontium  can  be  found  in  smooth  muscles  that  arc  not  spontaneously 
active,  if  the  permeability  of  the  surface  membrane  of  these 
muscles  to  strontium  is  increased  by  incubation  in  a high  K, 
depolarizing  solution.  These  findings  complete  the  identification 
of  these  intracellular  tubules  as  a functional  sarcoplasmic  reti- 
culum in  vascular  and  other  smooth  muscles. 

The  volume  of  the  sarcoplasmic  reticulum,  as  1 indicated 
above,  is  rather  limited  in  sore  types  of  vascular  smooth  muscle. 
Because  of  this,  and  because  of  observations  on  vascuisr  ultra- 
structure that  I shall  describe  now,  we  have  also  considered  the 
possibility  that  under  some  conditions,  mitochondria  may  also 
contribute  to  the  regulation  of  free  intracellular  calcium  levels 
(359,  360,  366).  This  type  of  ionic  regulation  by  mitochondria 
has  been  previously  considered,  although  not  proven,  in  cardiac 
muscle  (63,  151,  198,  327,  422). 

The  electron  microscope  observations  that  mitochondria 
frequently  make  close  contacts  (average  4-5  raa  between  the  two 
membrane  systems)  with  the  surface  vesicles  lead  to  the  specu- 
lative suggestion  that  the  mitochondrial-surface  vesicle  contacts 
may  be  sites  where  ions  are  transferred  from  the  cell  into  the 
extracellular  space  (361).  Such  an  ion  shuttle  presupposes  that 
mitochondria  in  smooth  muscle  can  accusulate  the  cations  that 
subsequently  are  to  be  transferred  into  the  extracellular  space. 
Therefore,  we  first  proceeded  to  determine  the  existence  of 
mitochondrial  cation  uptake.  Incubation  of  vascular  smooth 
muscle  in  barium-containing  solutions  leads  to  a contractile 
response  and  to  the  appearanze  of  strongly  electron  opaque  intra- 
mitochondrial  granules  that  are  not  found  in  control  prepara- 
tions (Fig. 4).  Definitive  identification  of  these  granules  as 
deposits  of  bar its*  was  accomplished  through  use  of  electron  probe 
x-ray  microanalysis  (362). 

The  principles  of  electron  probe  x-ray  microanalysis  and 
details  of  these  experiments  have  been  described  elsewhere  (131, 
362).  The  electron  beam  is  focused  on  an  area  of  interest  with- 
in a tissue  section,  and  the  x-ray  photons  emitted  from  the  area 
irradiated  by  the  electrons  are  recorded.  The  energies  (or  wave- 
lengths) of  the  x-ray  photons  emitted  are  characteristic  of  the 


Figure  3:  Strontium  deposits  in  the  sarcop.esmt-  reticulutt  of  vascular  smooth  muscle. 
Longitudinal-oblique  section  of  guinea-pig  portal-anterior  mesc.'terk  vein  incubated  in  Krebs' 
solution  containing  10  mM  Sr  for  one  hour  before  fixation  with  osmium.  Electron  opaque  deposits 
of  strontium  are  present  in  the  lumen  of  the  sarcoplasmic  reticulum  of  this  t.-n  stained  section. 
(Sontlyo,  A.r.  and  Somlyo,  A.V.,  Unpublished  observations.)  Mag.  54,000  x. 
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elements  within  the  micjg-'olume  excited  by  '.he  electron  beam.  For 
practical  purposes,  10~  grams  or  more  of  the  heavier  element* 

(Z  > 11)  can  ba  :a  Tly  readily  identified  in  tissue  sections.  Dark 
mitochondrial  granules  in  smooth  muscles  that  have  >e«j  incubated, 
prior  to  fixation,  in  barium  containing  solutions  L early  showed 
the  energy  peaks  characteristic  of  barium  (Fig. 5).  This  x-ray  peak 
t;as  absent  over  thr  cytoplasm  and  over  mitochondria  chat  did  not 
contain  electron  dense  granules.  In  sure  recent  experiments,  we 
have  achieved  a spatisl  x-ray  resolution  of  approximately  500A*, 
and  demonstrated  the  presence  of  barium  in  individual  mitochondrial 
granule?.  Furthermore,  through  x-ray  analysis  of  sections  fixed 
with  glutsraldehyde  instead  of  osmium  (to  eliminate,  interference 
between  the  osmium  M line  and  phosphorus  K line) , it  has  been 
possible  to  show  that  the  uptake  of  phosphorus  (presumably  in  the 
form  of  phosphates) , is  in  a Ba/P  ratio  of  approximately  3/4. 
Occasionally,  small  x-ray  peaks  at  3.69  keV,  indicative  of  calcium, 
were  also  recorded  over  such  barium  containing  mitochondria  (362). 

Strontium  nas  also  been  identified  in  the  sarcoplasmic  reti- 
culum and  in  mitochondria  through  electron  probe  x-ray  micro- 
analysis.  In  vascular  smooth  muscle  incubated  in  strontium- 
containing  solutions,  the  electron  opaque  deposits  found  in  the 
lumen  of  the  sarcoplasmic  reticulum  and  the  granules  in  mito- 
chondria show  the  x-ray  spectrum  characteristic  i/f  Sr.  In  addi- 
tion to  the  Sr  peak,  however,  we  have  frequently  also  detected 
a very  large  calcium  peak  over  mitochondria  containing  electron 
opaque  granules  in  vascular  smooth  muscle  loaded  with  strontium 
and  fixed  with  osmium  vapor  (Fig. 6). 

The  observations  on  the  mitochondrial  accumulation  of  Ba, 

Sr  and  Ca  clearly  show  that  the  mitochondria  can  accumulate 
divalent  cations.  These  observations,  however,  are  not  sufficient 
evidence  for  a physiological  role  of  mitochondria  in  regulating 
cytoplasmic  calcium  levels  div-ing  the  contractile  cycle,  since 
translocation  of  calcium  may  have  occurred  during  chemical  fixa- 
tion. More  definitive  evidence  for  or  against  such  a function  of 
the  mitochondria  in  tb  t contractile  regulation  of  smooth  muscle 
will  require  electron  probe  x-ray  microanalysis  of  chemically 
unfixed  (frozen  sectioned)  tissues,  currently  in  progress  in  our 
laboratorv 


The  next  question  that  I shall  turn  to  is  the  nature  of 
structural  information  required  for 
Contractile  establishing  the  mechanism  of  contrac- 

Proteins  - Sliding  tion  in  smooth  muscle.  The  presence  of 

Filament  ’todel  the  necessary  proteins  and  the  length 

dependence  of  the  contraction  of  vascu- 
lar smooth  muscle  were  compatible  with  the  sliding  filament  model 
of  contraction  (363),  established  for  striated  muscle,  where 


Figure  S Figure  6 


Figure  S:  X-ray  spectrum  of  mitochondria  containing  electron  opaque  gunu'ns  in  rabbit 
p>~tat-ant>«k>r  mesenteric  vein  incubated  in  10  mM  Bi-Krebs"  solutiori  prior  to  l.xation  v/ith 
^uturalde'nyde  alone.  Upper  panel:  prominent  Ba  La*nd  L0  and  a small,  but  significant  Ca  peak 
are  present.  Lower  panel  shows  that  the  characteristic  Ba  and  Ca  peaks  are  absent  when  the  probe 
is  moved  off  the  mitochondrion  to  the  cytoplasm  of  me  same  fiber.  (Ftom  Somlyo.  A.?.,  Somlyo. 
A.V.,  Devine.  C.E..  Peters.  P.D.  and  Hall.  T.A.,  In  press.) 

Figure  •:  X-ray  spectrum  of  rabbit  portal -anterior  mesenteric  vein  smooth  muscle  incubated  in 
strontium -containing  solution  prior  to  fixation  vHth  osmium  vapor.  Upper  panel:  the  spectrum  over 
mitochondrial  electron  opaque  granules  showing  Sr  and  Ca  pea’ts.  Lower  panel:  the  spectrum  over 
the  cytoplasm  showing  the  absence  of  both  Ca  and  Sr  peaks.  (Somlyo.  A.P.,  Somlyo,  A.V..  Devine, 
C.E.,  Peters.  P.D.  and  Hall,  T.A.,  In  press.) 
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contraction  is  accomplished  through  the  sliding  movement  of  thin 
(actin)  and  thick  (myosin)  filaments  relative  to  each  other.  The 
thin  filaments  have  also  been  demonstrated  in  smooth  muscle.  How- 
ever, the  specific  organization  of  myosin,  whether  it  formed  thick 
filaments  that  were  present  in  both  the  relaxed  and  in  the  con- 
tracted mammalian  smooth  muscle,  has  been  the  subject  of  considerable 
controversy  (363,  364). 
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Recently  improved  preparatory  techniques  and  the  recognition 
that  swelling  of  smooth  muscle  during 
Description  of  dissection  can  easily  lead  to  the  dis- 

Filarents  organization  of  filar.ent  structure  during 

fixation  (164)  have  clearly  established 
the  presence  of  chirk  filaments  in  vascular  and  other  mammalian 
smooth  muscles  under  all  conditions  of  contraction,  relaxation  and 
stretch  (82,  271,  361,  36a,  365,  Job).  Furthermore,  the  thick 
filaments  form  a relatively  regular  600  x 800  A*  1 lattice  in 
rabbit  portal  anterior  mesenteric  vein  preparations  and,  in  the  mi  it 

best  organized  section? , are  in  the  center  of  rosettes  surrounded 
by  thin  (50-80  A*)  '.ctin  filaments  (Fig.  7).  Independent  evidec.ce 
for  the  existence  of  organized  myosin  in  mammalian  smeotn  muscle 
j (taenia  coll  of  guinea  pig)  is  provided  by  the  143-144  A*  neri-  oua*aw« 

| dicnal  x-ray  spot  thought  to  be  generated  by  the  cross  bridge 

j (205).  Host  of  our  electron  microscopic  studies,  for  technical 

reasons,  have  demonstrated  filament  organization  in  longitudinal 
muscles  of  portal  vein,  taenia  coli  or  vas  deferens  (367).  Thick 
filaments  can  also  be  demonstrated  in  the  large  elastic  arteries 
of  greater  interest  to  pathologists,  such  as  the  main  pulmonary 
artery  (80),  alv'oough  the  preservation  of  this  material  for  electron 
microscopy  is  technically  more  difficult.  In  Guch  smooth  muscle 
fibers  of  large  elastic  arteries  thick  and  thin  filaments  can  be 
found  together  with  elements  of  rough  sarcoplasmic  reticulum, 
suggesting  the  concomitant  contractile  and  morphogenetic  function 
of  these  tissues. 

There  is  a third  type  of  filament  encountered  in  vascular 
smooth  muscle  that  is  both  strur. orally  and  biochemically  different 
from  the  myofilaments  described  so  far.  These  intermediate  fila- 
ments are  100  A*  in  diameter  and  in  transverse  section  they  often 
surround  the  dense  bodies.  In  longitudinal  sections,  intermediate 
filaments  may  be  found  in  bundles  over  7y  long  within  the  plane 
of  a given  section  (364,  365,  368).  In  some  smooth  muscle  fibers, 
presumably  abnormal  or  developing,  large  conglomerations  of  these 
intermediate  filaments  occupy  much  of  the  smooth  muscle  cell  (Fig. 8), 
that  may  contain  only  a few  thin  and  thick  myofilaments  (364). 

, The  intermediate  filaments  are  highly  resistant  to  damage  during 
j fixation  or  extraction  (69,  164,  365).  They  are  composed  of  pro- 
teins other  than  actin  or  myosin  (272),  and  are  very  similar,  if 
not  identical,  to  filaments  found  in  a variety  of  other  tissues 
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Figure  t:  Near  tr*o*verse  section  of  a smooth  muscle  fibre  containing  an  abnormally  large  number 
of  intermediate  filsments  (small  arrows)  that  occupy  much  of  the  central  portion  of  the  electron 
micrograph  and  are  seen  in  both  transverse  section  and  obliquely  passing  through  the  plane  of 
section.  Comparison  with  the  regions  occupied  by  the  thick  and  thin  myofilaments  (large  arrows) 
shows  the  clear  difference  between  these  three  types  of  filaments.  (Somlyo.  A.P..  Devine.  C.E.. 
Somlyo.  A.V.  and  Rice,  R.V..  Phil.  Tran*.  Roy.  Soc.  Lord.  B.  265:  223-229,  197.  .1  Mag.  83.600  *. 
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(159)  and  in  cultured  smooth  muscles.  It  is  nrobable  that  earlier 
reports  have  frequently  confused  the  intermediate  with  the  thick 
filaments. 

The  dimensions  of  the  filaments  found  in  portal-anterior 
mesenteric  vein  smooth  muscle  and  the  ratio  of  actin/nyosin  fila- 
ments and  their  separation  are  shown  in  Table  I.  The  thin  to 
thick  filament  ratio  is  high  (15/1),  but  compatible  with  biochemical 
estimates.  The  center  to  center,  thin  to  thick  filament  separation 
is  similar  to  that  found  in  mammalian  striated  muscles  and  compat- 
ible with  a cross  bridge  mediated  interaction. 

The  dense  areas  (dense  bodies)  on  the  plasma  membrane  of 
smooth  muscles  are  probably  analogous  to  the  Z lines  of  striated 
muscles,  and  serve  as  attachment  sites  for  the  actin  filaments 
(364).  Other  dense  bodies,  free  floating  in  the  cytoplasm,  may 
have  a similar  function,  although  it  is  by  no  means  certain  that 
they  represent  a homogeneous  biochemical  or  functional  entity  (368). 
Identification  of  these  structures  by  more  specific  techniques  than 
staining  with  heavy  metals  will  be  required  to  answer  this  question. 

In  conclusion,  ultrastructural  studies  show  the  presence  of 
a functional  sarcoplasmic  reticulum  in  vascular  and  other  smooth 
muscles.  It  is  suggested  that  this  sarcoplasmic  reticulum  plays 
a role,  similar  to  that  in  striated  muscles,  in  excitation-contrac- 
tion coupling.  Influx  from  the  extracellular  compartment  is  an 
additional,  probably  variable  source  of  activator  calcium  in  smooth 
muscle.  Mitochondria  also  accumulate  divalent  cations,  under  some 
experimental  conditions,  but  the  physiological  significance  of  this 
observation  remains  to  be  established.  Myosin  is  organized  into 
thick  filaments  bearing  cross  bridges  in  vascular  smooth  muscle. 

The  organization  of  actin  and  myosin  filaments  strongly  suggests 
the  existence  of  a sliding  filament  mechanism  contraction  in  vas- 
cular and  other  mammalian  smooth  muscles. 
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TABLE  I 

FILAMENT  DIMENSIONS 


Diameter 


X + S.D. 

Thin 

64  + 8 R (70) 

Intermediate 

97  + 10  A (65) 

Thick 

155  + 20  A (70) 

f 

4 


Thin  : Thick:  15  : 1 

Center  thin  to  renter  thick  distance  = 256  4;  59  R (70) 
The  number  of  measurements  are  given  in  parenthesis 


(Somlyo,  A.P.,  Devine,  C.E.,  Somlyo,  A.  V.  and 
Rice,  R.V.  : Phil.  Traus.  Roy.  Soc.  Lond.  B. 
265:  223-229,  1973.) 
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DR.  BECKER:  I have  a question  I would  like  to  address  to 

Dr.  Andrew  Somlyo  and  perhaps  it  comes  from  my  misunderstanding. 

1 thought  I heard  in  your  talk  that  in  order  to  demonstrate  the 
thick  filaments  the  fiber  has  to  be  a contracted  fiber.  Is  that, 
or  is  that  not  true? 

DR.  A.P. SOMLYO:  No  it  is  not,  but  historically  it  was 

thought  at  one  time  that  thick  filaments  form  in  smooth  muscle 
just  prior  to  the  onset  of  contraction  or,  alternatively,  that 
they  are  only  present  in  smooth  muscles  that  have  been  stretched. 
This  is  no  longer  considered  co  be  true,  and  thick  filaments  have 
been  clearly  demonstrated  in  stretched  and  unstretched  and  in 
contracted  and  in  relaxed  smooth  muscles. 


DR.  CHALDAKOV:  I should  like  to  present  the  results  of  a 

study  with  Sp.  Nicolov  on  the  fine  structure  of  smooth  muscle  cells 
(SMC)  in  the  aorta  and  pulmonary  trunk  of  growing  rabbits. 

immit  Newborn,  12-day  and  2-month  old  rabbits  were  used.  Pieces 

from  the  thoracic  aorta,  aortic  arch  and  pulmonary  trunk  were  fixed 
in  glutaraldehyde  post-fixed  in  osmium  tetroxide,  dehydrated  in 
cold  graded  alcohols,  embedded  in  Durcupan  ACM  (Fiuka)  in  flat- 
tened capsules.  Ultrathin  sections,  cut  with  a Reichert  OU  2 
ultramicrotome  were  stained  with  uranyl  acetate  and  lead  citrate 
and  viewed  through  a JEM  7A  electron  microscope.  Other  fixations 
were  also  used  (Luft's  ruthenium  red,  Richardson's  KMn04,  and 
block  staining  in  uranyl  acetate  before  dehydration). 

Two  main  types  of  SMC  were  found  during  postnatal  develop- 
ment (a)  secretory-contractile,  and  (b)  contractile.  The  secre- 
tory-contractile type  showed  the 
Characteristics  of  features  of  so-called  modified  (myo- 

Modified  Smooth  intimal)  SMC,  namely  prominent  rough 

Muscle  Cells  endoplasmatic  reticulum  and  Golgi- 

complex  surrounded  by  smooth-surfaced 
and  small  pinocytotic  coated  vesicles.  Mitochondria,  large 
coated  vesicles,  subsarcolemmal  caveolae  intra-cellularis,  longi- 
tudinally oriented  microtubules  were  numerous  but  myofilaments 
and  dense  bodies  were  reduced.  In  the  newborn  and  12-day  old 
rabbit  aorta  and  pulmonary  trunk  modified  SMC  were  evident  in 
the  media  (Fig. 9, 10),  but  no  subintimal  SMC  were  seen.  By  two 
months,  however,  the  subendothelial  s'>ace  was  well  developed  and 
modified  SMC  were  seen  there  and  In  gaps  in  the  internal  elastic 
lamina  (Fig. 11). 

A structural  transformation  of  SMC  from  secretory-contractile 
towards  contractile  type  takes  place  with  growth  of  the  rabbit 
aorta  and  pulmonary  trunk.  This  is  in  accordance  with  Cliff's 
(66)  findings  for  rat  tunica  media.  The  rough  endoplasmatic 
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reticulum  and  Golgi-complex,  micro-pinocytotic  coated  vesicles  and 
microtubules  become  less  prominent  and  give  way  to  myofilaments, 
attachment  devices  and  subsarcolemaal  caveolae  intra-cellularis 
(Fig. 12). 

It  is  our  Impression  that  modified  SHC  gain  access  to  the 
subintimal  space  through  age- induced  fenestrations  of  che  internal 
elastic  lamina  in  agreement  with  the  original  description  (S3). 

We  cannot  exclude  the  possibility  that  the  contractility  of  these 
cells  may  be  responsible  for  their  migration  into  the  suhendothelial 
space.  Studies  with  colchicine  and  other  microtubule-destroying 
agents  and  with  cytochalasine  B (microfilament-blocking  substance) 
may  shed  some  light  on  the  question.  It  is  our  view  that  the  modi- 
fied SMC  as  a secretory-contractile  arterial  muscle  cell  may  repre- 
sent a case  of  "stimulus-secretion  coupling"  (321),  and  "excitation- 
contraction  coupling"  (359,  369).  The  proposed  cooperation  of 
such  "double  coupling"  phenomena  in  one  cellular  type  is  based  on 
tne  fine  structural  findings  and  the  well  known  dependence  of  both 
secretion  and  contractility  on  calcium  and  cyclic  3',  5’  - AMP 
(267).  Recently  Joo  (165)  and  Masur  et  al.,  (212)  reported  that 
cyclic  AMP  increases  the  formation  of  micro-pinocytotic  vesiclei 
in  endothelial  cells  of  brain  capillaries  and  in  toad  bladder,  as 
well. 


We  propose  the  micro-pinocytotic  coated  vesicles  as  a new 
cytological  sign  of  the  modified  SMC  (62). 

Two  stages  in  the  morphogenesis  of  large  :oated  vesicles 
were  found:  (a)  local  substructural  specialization  of  sarcr/lemma 
followed  by,  (b)  sarcolemma  vesiculation  and  internalization.  This 
is  in  accordance  with  Roth  and  Porter’s  (320)  and  Fawcett’s 
(97,  98)  results  for  other  cells. 

It  is  well  known  that  coated  vesicles  are  cellular  transport 
devices  for  selective  uptake  of  proteins  (10,  97,  98,  111,  166, 

312,  320,  330).  Therefore,  the  smooth  m.scle  coated  vesicles  may 
be  involved  in  the  uptake  and  transport  of  some  specific  macro- 
molecular  substances  essential  for  SMCs  function.  One  may  specu- 
late that  both  basement  membrane  and  sarcolemna  may  be  genetically 
endowed  with  properties  for  special  uptake  and  transport  of  some 
macromolecules  as  implicit  in  Bennett's  theory  for  pSnocytosis  (z6) 
and  Singer  and  Nicolson’s  fluid  mosaic  model  for  membrane  structure 
(343).  Certainly,  the  transported  proteins  may  serve  ts  a source 
of  amino  acids  (lysin-rich  and/or  proline  rich  proceins?)  for  bio- 
synthesis of  elastin  and/or  collagen.  Conceivably  the  crated 
vesicles  of  SMC  may  be  involved  in  Iverson's  extraneuronal  uptake 
of  circulating  catecholamines  or  they  may  function  as  "synthesomes" 
as  suggested  by  Schjeide  and  San  Lin's  studies  of  oocytes  (329). 


20  CHAPTER  1 

Certainly  our  findings  are  limited  at  present  and  our  sugges- 
tions sound  fairly  speculative.  But  they  are  put  forward  "by  the 
belief  that  a specific  field  of  research  serves  the  general  cause 
of  science  better  by  asking  it  an  occasional  original  question" 

(359). 

DR.  BURNSTOCK:  My  particular  task  is  to  discuss  the  in- 

nervation. of  vascular  smooth  muscle.  I will  describe  the  variation 

in  innervation  from  large  elastic  arteries. 
Innervation  of  through  large  muscular  arteries,  smaller 

Vascular  Smooth  muscular  arteries,  arterioles,  precapil- 

Muscle  lary  sphincters  to  the  venous  system. 

There  is,  of  course,  a considerable 
variation  in  the  pattern  of  innervation  in  these  systems  and  we 
really  don't  know  all  these  variations  yet  in  different  species 
and  in  different  vessels,  so  I will  start  by  giving  you  a generalized 
model  of  the  innervation  of  smooth  muscle  (Fig. 13)  and  then  go  on 
to  describe  the  variation  in  different  vessel  types. 

One  essential  feature  of  this  model  is  that  the  effector  is 
not  a single  smooth  muscle  cell  but  rather  a bundle  of  smooth  muscle 
cells  in  electrical  continuity  with  each  other.  The  second  feature 
which  differs  from  the  skeletal  neuromuscular  system  is  that  the 
autonomic  nerves  run  very  long  distances,  have  varicosities  which 
contain  high  levels  of  transmitter  and  release  transmitter  'cn 
passage*.  Now  in  this  very  generalized  model,  some  of  the  cells 
are  directly  innervated,  i.e.,  they  have  close  (500  A*)  neuro- 
muscular junction;  these  cells  iiave  been  termed  'directly- innervated 
cells'  and  they  are  directly  affected  by  transmitter  released  from 
the  nerves.  The  adjoining  cells  we  have  called  'coupled  cells' 
because  they  are  coupled  electrotonically  to  'directly-innervated 
cells'  by  low  resistance  pathways  (nexuses)  or  gap  junctions. 

Junction  potentials  can  be  recorded  in  them.  The  junction  potentials 
are  very  slow  so  a whole  area  of  a muscle  effector  bundle  becomes 
depolarized  simultaneously  and  this  leads  to  the  initiation  of  an 
action  potential  which  then  propagates  down  through  the  system  to 
activate  a third  group  of  muscle  cells  './hich  we  call  'indirectly- 
coupled'  cells,  because  they  are  not  directly  affected  by  trans- 
mitter nor  are  they  directly  coupled  to  the  cells  which  are  affected 
by  transmitter.  Nevertheless,  they  are  activated  when  you  stimulate 
the  nerves.  We  shall  see  that  this  is  very  important  when  con- 
sidering the  nervous  cont.ol  of  vascular  smooth  muscle. 


Now  we  should  consider  the  more  specific  problem  of  the  in- 
nervation of  the  vascular  system,  starting  with  a very  large  elastic 
artery.  The  adrenergic  plexus  in  the  aorta  is  confined  to  the 
adventitial  medial  border.  However,  there  is  considerable  species 
variation  in  density  of  innervation  of  large  arteries.  For  example, 
mt  in  the  rat  aorta  few  adrenergic  nerves  can  be  seen  (Fig.l4A)  but  in 


Figure  14:  Fluorescence  histochemical  demonstration  of  adrenergic  nerve  fibres  supplying  arteries. 

A.  Transverse  section  through  the  rat  aorta.  Note  that  no  fluorescent  nerves  are  present  in  the 
adventitia,  media  or  adventitial -medial  border,  but  some  nerves  (arrows)  are  associated  with  small 
blood  vessels  in  the  surrounding  tissue,  horizontal  bar  - 100mM-  Note  also  the  autofluorescence  in 
the  elastic  luininae  of  the  media. 

B.  T.S.  Rabbit  thoracic  aorta  showing  a plexus  of  adrenergic  nerves  (arrows)  at  the  adventitial 
medial  border  (*)  horizontal  bar  = lOOrryi. 


Figure  14  C:  T.S.  Rabbit  eat  artery.  Note  the  dense  nerve  plexus  (arrows)  at  the  adventitial-medial 
border  (*).  horizontal  bar  ->  50m/t  (A  and  B.  Courtesy  of  Mary  E.  Wright.  Department  of  Zoology. 
University  of  Melbourne,  and  C.  Bumstock  et  al..  Brit.  J.  Pharmacol.  46.  243.  1972). 
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mwt  the  rabbit  aorta  (Fig.l4B)  which  is  commonly  used  for  pharmacologi- 
cal experiments,  there  is  marked  variation  in  adrenergic  innerva- 
tion at  different  times  during  development.  Sections  through  the 

human  human  aorta  show  nexuses  between  the  muscle  cells.  According  to 
the  model  presented  earlier  we  consider  that  only  the  outer  layer 
of  muscle  cells  next  to  the  perivascular  plexus  are  directly 
affected  by  the  neuro-transmitter.  The  other  muscle  cells  are 
electrically  coupled  to  these  and  an  action  potential  set  up  which 
propagates  through  to  the  intimal  side  of  the  media.  This  does  not 
exclude,  of  course,  the  very  strong  evidence  for  the  effect  of 
circulating  adrenaline  on  these  muscle  cells. 

ramnt  If  we  consider  next  a muscular  artery,  such  as  rabbit  ear 

aitery,  here  again  we  see  the  auto  fluorescence  in  the  intlmo, 
the  media  completely  free  of  nerves,  the  adventitia,  and  a very 
dense  and  well  defined  plexus  at  the  adventitial-medial  border 
(Fig.l4C).  In  general  these  arteries  are  more  heavily  innervated 
than  elastic  arteries.  Electron  microscopy  demonstrates  that  the 
closest  apposition  between  the  nerve  and  smooth  muscle  cells  is 
about  80QA*  (aee  Fig.lSA).  Basement  membrane  is  interposed  and 
there  may  be  some  postsynaptic  specialization  with  aggregations  of 
plasmaleoaa  vesicles  (or  caveolae  intercellularies) . This  is  in 
contrast  to  some  visceral  smooth  muscles,  where  there  is  a much 
closer  apposition  of  nerve  and  muscle  (about  150A°).  There  is 
often  an  elaborate  postsynaptic  specialization  at  these  junctions 
with  subsynaptic  cisterns  and  an  elaborate  structure  between  post  • 
synaptic  membranes  and  the  membrane  of  the  cisterna.  Sow,  some 
muscular  arteries,  particularly  in  certain  species  such  as  sheep 
and  also  man,  do  not  have  the  nerves  confined  to  the  adventitial- 
medial  border.  The  nerve  fibers  penetrate  at  least  one-third  and 
nearly  halfway  down  into  the  media  (Fig.l5B). 

Another  feature  that  we  need  to  look  at  is  the  kinds  of 
nerves  thac  innervate  arteries  (Fig. 16).  Cholinergic  nerves  are 

illustrated  here  at  the  adventitial- 
Differentiation  of  medial  border  of  a muscular  artery  and 

Cholinergic  and  Adren-  are  within  a 1000A*  of  the  muscle.  The\ 

ergic  Innervation  are  characterized  by  a predominance  of 

small  (40Q-600AC)  agranular  vesicle*.. 

In  contrast,  adrenergic  nerves  are  characterized  by  a predominance 
of  small  granular  vesicles  (440-600A®) . If  the  tissue  is  'loaded'  < 

with  6-hvdroxydopamine,  this  is  a marvelous  marker  for  determining  I 

whether  adrenergic  or  cholinergic  nerves  are  present.  For  example,  t 

in  the  rat  cerebral  artery,  some  of  the  vesicles  in  the  nerve  pro- 
files illustrated  have  very  dense  cores  after  being  loaded  with 
6-hydroxydoparaine ; these  are  adrenergic  nerves.  Thus,  dual  inner- 
vation of  these  cerebral  arteries  by  cholinergic  and  adrenergic 
nerves  is  established.  Sensory  nerve  endings  in  smooth  muscle  have 
no  vesicles,  but  they  arc  packed  with  mitochondria.  Traced  back  in 


IS 


M 


anot 


CHAPTER  1 


ID 


CHOLINERGIC 


NORADRENERGIC 


NON -ADRENERGIC . NON -CHOLINERGIC . 
('PURMERGtC) 


SENSORY 


O AGRANULAR  VOICUt  (300-400  A) 
e SMALL  GRANULAR  VEHCUt  (SGV) 

; 3oe-«oo  A) 

. — . ^ 

•MTOCHOMNHA 


LARGE  GRANULAR  VIKCtCt  UGVI 
(400-1300  A) 


LARGE  OPAQUE  VESICLES  ILOVI 

(MOO -3000  A) 


Figure  IS:  Diagrammatic  representation  o(  sections  through  the  terminal  varicosities  of  autonomic 
nerves.  For  explanation  see  text.  (Courtesy  of  Burnstock  & twayama.  Progr.  Brain  Res.  34.  389. 
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serial  sections,  first  they  shew  a Schwann  cell  investment  and 
eventually  they  become  myelinated  fibers  in  tne  nerve  trunks.  The 
sensory  nerves  illustrated  here  in  a rat  coronary  artery  sometimes 
have  tiny  extra  protrusions  which  lie  close  to  the  muscle  cell.  It 
is  not  yet  clear  whether  'parinergic'  nerves,  a third  type  of 
efferent  autonomic  nerve  found  in  the  gastrointestinal  tract  and 
lung,  also  supply  some  arteries. 

With  smaller  arteries  such  as  mesenteric  arteries  there  is  a 
fine  plexus  around  the  media  itself  and  you  can  also  see  larger 
trunks  of  nerves  which  are  on  their  way  further  down  to  innervate 
other  regions.  Even  in  the  very  small  muscular  eiceries,  where  the 
nerves  are  fairly  sparse,  they  are  still  quite  clearly  located  out- 
side the  media  at  the  adventitial-medial  border. 


Now  we  must  consider  the  innervation  of  arterioles.  In  small 
arterioles  in  the  heart  there  is  a single  layer  of  smooth  muscle 
cells  and  few  nerves.  However,  in  order  to  demonstrate  the  need  to 
examine  regional  differences  in  innervation  patterns,  the  scanning 
electron  microscope  has  been  employed  to  show  that  at  arteriole 
branching  sites  in  the  heart,  there  are  large  'intimal  cushions' 

(Fig. 17 A). 

The  smooth  mue  :le  is  arranged  in  a complex  way  in  these  cushions 
and  they  are  heavily  Innervated  by  at  least  three  different  kinds  of 
nerves  (Fig,17B).  The  role  of  those  'intimal  cushions'  in  coronary 

activity  is  not  yet  clear.  Although,  as 
Intimal  Cushions  in  mentioned  earlier,  the  innervation  of 

Coronary  Arteries  small  coronary  arterioles  is  sparse,  pre- 

capillary  sphincters  are  heavily  innervated 
by  at  least  three  types  of  nerve. 


What  about  nerves  in  relation  to  capillaries? 


There  has  always  been  a debate  about  whether  they  are  inner- 
vated or  not.  There  are  no  nerves  in  relation  to  the  capillary 
illustrated  in  the  heart.  On  the  other  hand,  if  you  look  at  capil- 
laries in  the  gut,  there  are  many  nerve  fibers  closely  aligned  to 
them.  Now  it  may  be  that  they  are  just  running  in  a common  space 
between  the  muscle  cells,  but  we  must  realize  that  these  smooth 
muscle  cells  in  the  gut,  are  strongly  affected  by  transmitter 
released  from  varicose  nerve  fibers  and  they  are  further  away  than 
the  capillary.  Thus  it  depends  upon  whether  they  are  sensitive  or 
not  to  the  transmitter,  and  you  cannot  tell  from  the  presence  of 
nerves  whether  there  is  functional  innervation  or  not. 


In  general,  veins  have  a less  dense  perivascular  nerve  plexus 
than  arteries.  For  example  in  the  mesentery  illustrated,  there  is 
an  artery  and  alongside  is  a vein  with  a nerve  plexus  which  is  much 
less  dense. 
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Figure  17:  Scanning  (A)  anti  Transmission  (B)  electronmicrographs  of  an  intimal  cushion'  at  the 
orifice  of  the  rat  septal  artery  at  its  junction  with  the  left  coronary  artery. 

A.  Scanning  electronmicrograph  demonstrating  the  well  developed  ridge  of  the  cushion  around 
the  orifice,  x 360 

B.  Transmission  electronmicrograph  through  a ridge  showing  the  complex  relationships  of 
smooth  muscle  cells  and  the  presence  of  nerves  (arrows).  (Courtesy  of  Yohro  & Burnstock.  Z.  Anat. 
Entwicki.-Gesch.  140,  187.  1973). 
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Finally,  we  must  not  neglect  the  possibility  that  extra- 
adrenal chromaffin  cells  contribute  to  the  nerve  plexuses  around 
blood  vessels.  These  cells  contain  high  levels  of  catecholamine 
and  they  send  processes  to  join  the  perivascular  plexuses.  Drugs 
used  to  degranulate  the  nerves  do  not  necessarily  affect  the 
chromaffin  cells  so  you  need  to  be  very  careful  about  the  conclu- 
sions from  pharmacological  experiments  under  these  circumstances. 
The  ultrastructure  of  chromaffin  cells  is  quite  different  from 
adrenergic,  cholinergic  and  sensory  nerves;  they  contain  very 
large  granules. 


EDITORIAL  COMMENT 

Eranko  (92)  has  reported  on  small  intensely  fluorescent 
(CIF)  cells  that  elaborate  norepinephrine  apparently  independently 
of  the  cardiac  innervation.  They  are  not  obliterated  by  treat- 
ment of  the  animal  with  6-hydrcxydopamine  that  knocks  out  sympa- 
thetic innervation. 

DR.  BJORKERUD:  It  is  certainly  very  interesting  that  the 

innervation  of  the  intimal  cushions  in  the  coronary  arteries  has 

heretofore  been  overlooked.  I think  you 
Coronary  Intimal  implied  that  there  might  be  a mechanism 

Smooth  Muscle  Cushions  for  tangential  contraction  of  the  seg- 
ment. Is  that  possible  since  the  orien- 
tation of  the  smooth  muscle  cells  in  the  cushions  is  mainly  longi- 
tudinal? Also,  do  you  have  any  data  on  the  location  of  nerve 
endings  in  cushions  in  other  regions? 

DR.  BURNSTOCK:  First  of  all,  in  analyzing  the  orientation 

of  the  muscle  fibers  in  intimal  cushions,  we  find  with  a combina- 
tion of  scanning  and  transmission  electron  microscopy,  that,  in 
some  coronary  arteries  at  any  rate,  the  intimal  ridges  are  arranged 
spirally  around  the  orifice.  The  function  of  these  intimal  cus- 
hions is  not  clear.  The  second  question  was,  where  are  the  nerves 
located?  They  are  located  mostly  at  the  adventitial-medial  border, 
although  to  some  extent  they  project  into  the  back  of  the  cushion. 
There  appear  to  be  at  least  three  types  of  nerve  involved.  Thirdly, 
your  question  was,  where  else  have  we  seen  these  cushions?  We 
have  been  looking  at  the  cerebral  arteries  and  in  the  kidney.  We 
have  found  them  in  both  these  placer..  It  is  too  soon  to  say  how 
heavily  innervated  they  are,  but  we  are  beginning  to  look  at  that 
now.  Do  not  forget  that  the  precapillary  sphincter  are  also  in- 
credibly heavily  innervated,  even  more  so  than  the  cushions. 

DR.  ADAMS:  George  Krelle,  for  example,  has  used  the  acetyl 

cholinesterase  technique  co  demonstrate  cholinergic  nerve  fibers. 
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I stt'uld  think  it  would  be  highly  desirable  to  show  adrenergic  and 
cholinergic  nerves  simultaneously.  Is  there  some  problem  in  smooth 
muscle  in  demonstrating  acetyl  cholinesterase? 

DR.  BURNSTOCK:  There  are  some  problems.  In  some  species, 

mt  the  rat  in  particular,  adrenergic  nerves  stain  with  cholinesterase 
as  well.  So  you  see  you  have  to  be  very  careful  if  you  are  look- 
ing at  rat  tissue  not  to  use  cholinesterase  as  a marker  for  cholin- 
ergic nerves. 

DR.  LINDNER:  Did  you  often  find  adrenergic  or  cholinergic 

nerves  around  capillaries  in  this  or  other  tissues?  Is  it  possible 
that  they  innervate  pericytes? 

DR.  BURNSTOCK:  I really  cannot  comnent  on  what  the  proxi- 

mity of  nerves  to  capillaries  means.  This  sort  of  evidence  is  not 
enough  to  suggest  functional  innervation.  It  would  be  necessary 
to  inject  the  transmitters  on  to  the  surface  of  the  membrane  to 
gather  evidence  on  specific  receptors. 

ooo  DR.  HAUST:  I should  like  to  add  the  dog  to  the  list  of 

species  mentioned  by  Dr.  Burnstock  as  having  (arterial)  intra- 
medial  innervation.  We  have  observed  nerve  fibers  both  in  the 

canine  carotid  and  femoral  arteries. 
Cytoplasmic  Filaments  We  have  not  attempted  to  identify  their 
In  Relation  To  Rough  type  and  neither  did  we  have  the  courage 

Endoplasmic  Reticulum  to  rush  this  observation  into  publication 

because  it  was  so  contrary  to  conven- 
tional teaching  (135). 

Next,  I should  like  to  address  myself  to  the  question  of 
the  intracytoplasraic  filaments  of  the  arterial  smooth  muscle  cells. 
In  addition  to  the  well  established  two  types  discussed  in  detail 
by  Dr.  Somlyo,  filaments  appear  in  human  fetal  aorta  that  are 
distinct  by  their  spatial  association  with  the  profiles  of  the 
rough-surfaced  endoplasmic  reticulum.  At  this  stage,  one  often 
observes  "open  ends"  of  the  profiles  and  "streaming"  from  these 
into  the  cytoplasm  bundles  of  filaments  (136).  It  is  difficult  to 
state  whether  these  filaments  arc  of  the  "thin"  or  "thick"  variety 
as  they  are  usually  the  only  filaments  present  at  this  stage  of 
development  and  one  is  not  able  to  compare  their  thickness  with 
either  of  the  two  varieties.  Actual  measurements,  to  my  simple 
mind,  are  totally  unreliable  if  one  wishes  to  compare  the  diameters 
of  filaments  not  in  the  same  but  in  different  tissues. 

I would  like  to  ask  whether  any  of  the  participants  had 
observed  similar  filaments  and  how  one  might  interpret  this  spatial 
association  of  filaments  and  rough-surfaced  endoplasmic  reticulum. 
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DR.  A.  P.  SOMLYO:  I'd  like  to  talk  a bit  about  the  identi- 

fication of  the  intermediate  filaments.  It  is  quite  surprising 

how  in  transverse  section  these  fila- 
Identification  merits  really  cluster  around  about  100A*. 

Of  Filaments  In  other  words,  in  aldehyde- fixed,  osmium 

post-fixed  material  I think  it  is  reason- 
able to  assume  when  you  see  the  100A*  filaments  that  these  are, 
in  fact,  the  intermediate  filaments.  Other  types  of  filaments  are 
rather  sensitive  to  preparatory  procedures.  For  example,  if  you 
swell  the  muscle,  and  in  our  case  we  have  done  this  with  high 
potassium  chloride  solution;.,  or  more  recently  with  metabolic 
inhibitors.  In  swollen  muscle,  the  thick  filaments  are  very  poorly 
preserved,  or  not  at  all.  Furthermore,  actin  filaments,  the  thin 
filaments,  (50-8QA*)  are  very  poorly  preserved  after  primary  osmium 
fixation.  So,  by  using  ail  of  these  tricks,  if  you  still  have  a 
filament  that  is  100A*  and  stains  rather  densely,  it  is  very  likely 
that  this  is  an  intermediate  filament. 


DR.  HAUST:  I am  wonder itg,  however,  whether  you  have  ever 

observed  the  phenomenon  of  spatial  association  between  filaments 
and  rough-surfaced  endoplasmic  reticulum? 

DR.  A.  P.  SOMLYO:  We  are  aided  in  the  identification  of  the 

intermediate  filaments  by  two  factors:  (1)  the  width  of  these 
filaments  is  relatively  constant,  clustering  about  100A*;  (2)  the 
filaments  are  more  stable  during  preparatory  procedures  than  are 
the  myofilaments,  and  are  preserved  in  spite  of  swelling  that  could 
tend  to  destroy  the  thick  filament  lattice.  Unlike  the  thin  fila- 
ments, the  intermediate  filaments  are  also  well  preserved  after 
primary  fixation  with  osmium. 

I cannot  specifically  speak  of  the  close  association  of  the 
intermediate  filaments  with  the  sarcoplasmic  reticulum,  as  we  have 
not  looked  at  this  question  in  detail.  In  general,  we  find  that 
such  associations  are  best  investigated  with  stereo  electron  micro- 
scopy, using  a tilt  stage,  to  achieve  a three-dimensional  view  and 
clarify  whether  associations  between  different  portions  of  the  cell 
are  true  contacts  or  merely  represent  overlap  in  the  focal  plane. 


DR.  ROSS:  I cannot  comment  on  these  observations  although 

we  have  seen  such  close  relationships.  I have,  however,  never 
seen  direct  openings  of  the  cisternae  of  the  rough  endoplasmic 
reticulum  to  the  cytoplasmic  space.  All  the  studies  that  I know 
of  (In  the  literature  regarding  secretory  cells)  demonstrate  that 
it  is  a component  of  the  protein  synthetic  apparatus  that  is 
associated  with  secretory  protein.  And  by  secretory  protein,  one 
has  to  say  protein  that  is  sequestered  in  membrane  bounded  com- 
partments that  is  utilized  in  some  way,  either  Intracellular ly 
or  extracellular ly.  For  example,  lysosomal  proteins  are  secretory 
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proteins,  but  they  are  always  bounded  by  membranes  within  the  cell 
until  the  cell  secretes  them  outside,  which  they  sometimes  do. 
Connective  tissue  proteins  are  secretory  proteins  that  are  seques- 
tered in  membrane  bounded  compartments  until  they  are  released 
outside  the  cell.  So,  to  my  knowledge,  all  the  data  that  has  been 
accumulated  concerning  cytoplasmic  proteins  demonstrates  that  they 
are  synthesized  on  ribosomal  aggregates  that  are  not  attached  to 
membranes.  Whereas  those  that  are  secreted  outside  the  cell  or 
considered  to  be  secretory  proteins  are  synthesized  on  aggregates 
of  ribosomes,  presumably  polysomes,  attached  to  membranes.  So  I 
don't  think  I can  give  you  an  answer  for  the  observation,  but  it 
certainly  does  not  agree  with  all  of  the  hard  data  that  is  presently 
available  about  synthesis  of  secretory  proteins. 

DR.  ROBERT:  Is  there  any  correlation  whatsoever  in  the 

experiments  available,  between  the  morphological  signs  of  inner- 
vation and  the  rate  of  synthesis  of  intercellular  macromolecules 
by  smooth  muscle  cells?  Of  course,  for  a biochemist  it  is  easier 
to  define  the  differentiation  by  relative  rates  of  biosynthesis 
than  on  a morphological  basis.  We  can  just  extend  our  hypothesis 
(see  page  110)  and  define  differentiation  of  smooth  muscle  cells 
in  terms  of  the  ratio  of  intercellular  macromolecules  they  syn- 
thesize. I think  you  mentioned  that  innervation  had  something  to 
do  wi*.»  differentiation.  How  can  that  be  really  proven  by  morpho- 
logical cbservations  concerning  the  rate  of  innervation  and  the 
rate  of  synthesis  of  elastin  or  other  intercellular  macromolecules? 

DR.  BURNSTOCK:  This  is  a tremendous  question.  To  me  it  is 

really  an  exciting  field,  that  is,  the  long  term  effects  of  nerves 
on  differentiation  and  development.  I do  not  think  anybody  has 
got  terribly  far  with  it  yet.  My  reason  for  suggesting  this  in 
the  smooth  rat  cle  system  is  because  Julie  Chamley  in  our  laboratory 
has  been  studying  the  effect  of  nerves  on  smooth  muscle  jointly  in 
tissue  culture.  Nerves  delay  the  dedifferentiation  of  muscle  cells 
grown  in  tissue  culture.  You  can  see  in  the  same  field  of  joint 
cultures  of  nerve  and  muscle,  muscle  cells  which  have  dedifferenti- 
ated and  divided  which  have  no  nerves  on  them,  while  other  muscle 
cells  which  have  formed  long-lasting  relationships  with  nerves  are 
still  contracting,  still  have  thick  and  thin  filaments  and  they 
have  not  dedifferentiated.  At  a later  stage  in  the  joint  cultures 
those  bundles  of  muscle  cells  or  those  monolayers  of  muscle  cells 
which  are  heavily  innervated  by  nerves  produce  nexuses  at  about 
twice  the  rate  as  those  that  do  not  have  a relationship  with  nerves. 
We  do  not  yet  understand  the  underlying  mechanisms. 

DR.  A.  P.  S0MLY0:  Geoff  Bumstock  mentioned  seeing  lanthanum 

inside  the  tubules  that  he  considered  to  be  sarcoplasmic  reticulum 
in  his  preparations.  I shall  forego  the  question  whether  these 
tubules  were  longitudinal  invaginations,  such  as  found  in  developing 
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striated  muscle  and  in  some  cardiac  muscles,  and  accept  for  the 
moment  that  they  were  a true  sarcoplasmic  reticulum.  However,  it 
is  questionable  whether  the  presence  of  lanthanum  in  these  tubules 
reflects  the  true  communication  of  the  sarcoplasmic  reticulum  with 
the  extracellular  space  under  normal  conditions.  Sommer  and  co- 
workers (373)  showed  a similar  entry  of  lanthanum  into  the  sarco- 
plasmic reticulum  of  cardiac  muscle,  and  took  great  pains  to 
point  out  that  this  was  a very  rare  occurrence  and  probably  re- 
presented a preparatory  artifact.  I think  this  is  a point  worth 
considering.  As  is  also  well  known  to  microscopies,  maintaining 
lanthanum  in  the  colloidal  state  is  a rather  tricky  business, 
depending  upon  the  control  of  pH  and  possibly  on  a number  of  other, 
less  well  defined  factors.  Under  certain  conditions  lanthanum  may 
enter  the  fiber  in  the  ionic  form  and,  once  inside,  precipitate 
in  the  colloidal  form.  This  mechanism,  rather  than  direct  communi- 
cation with  the  extracellular  space,  could  account  for  the  locali- 
zation of  colloidal  lanthanum  in  the  sarcoplasmic  reticulum. 

DR.  BURNSTOCK:  He  do  not  know  the  circumstances  when  these 

channels  open  up,  but  are  currently  carrying  out  experiments  to 
try  to  find  this  out.  I do  not  think  you  can  assume  that  because 
it  occurs  in  less  than  202  of  the  preparations  that  it  is  an  arti- 
fact. 


EDITORIAL  NOTE 

To  help  resolve  the  problem  of  reliable  identification  of 
cells,  especially  smooth  muscle  cells  and  to  throw  light  on  prob- 
lems of  cell  differentiation  and  trophic  effects.  Dr.  Burnstock 
showed  a motion  picture.  The  film  illustrated  the  effects  of 
nerves  on  the  development  of  smooth  ;:uscle  cells  as  well  as  the 
effect  of  the  muscle  cells  on  the  pattern  of  growth  of  the  nerves. 

DR.  BURNSTOCK:  Two  kinds  of  experiments  are  depicted  in  the 

film.  He  grow  out  joint  cultures  in  Rose  chambers.  Sympathetic 
ganglia  are  placed  under  dialysing  cellophane  to  keep  them  in 
position  and  then  we  give  the  nerves  a ’choice'  between  normally 
densely-innervated  tissues  like  the  ventricle,  lung  or  uterus. 

The  nerves  appear  to  grow  preferentially  to  the  normally  densely- 
innervated  tissue.  This  is  probably  because  these  tissues  produce 
Nerve  Growth  Factor.  In  the  second  kind  of  experiment  we  again 
place  the  explants  of  sympathetic  ganglia  centrally,  but  this  time 
wc  enzymatically  separate  the  smooth  muscle  cells.  In  this  way 
we  can  observe  the  relationship  of  Individual  nerves  with  indivi- 
dual muscle  cells  under  time  lapse  cinematography.  What  happens 
is  that  nerves  palpate  any  cell  in  their  path  for  about  fifty 
minutes.  Then,  if  it  is  a fibroblast,  the  nerve  goes  on  its  way, 
but  if  it  is  a smooth  muscle  cell  it  forms  a dense,  long-lasting 
and  intimate  relationship  with  it.  If  another  nerve  comes  along 
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later.  It  is  "rejected."  In  the  case  of  a non-innervated  single 
smooth  muscle  cell  from  the  taenia  coLi,  for  example,  contractions 
were  seen  to  occur  independently  on  each  side  of  the  nucleus  at  a 
rate  of  about  three  a minute.  Sometimes  the  smooth  muscle  cells 
are  quite  complicated  with  many  processes  which  contract  indepen- 
dently of  each  other.  After  they  have  been  in  culture  for  a while 
they  aggregate  into  muscle  effector  bundles.  Initially  they  line 
up  but  there  are  no  'nexuses'  between  them,  so  they  contract  in- 
dependently of  each  other.  Later,  when  nexuses  develop  synchro- 
nized contractions  appear. 

Nexuses  are  the  specialized  membrane  junctions  where  there 
is  the  close  relationship  between  neighboring  muscle  cells.  Nex- 
uies  are  actually  'gap  junctions'  and  constitute  the  low  resistance 
pathways  allowing  electrotonic  spread  of  activity  between  muscle 
cells  within  effector  bundles. 

The  behavior  and  development  of  smooth  muscle  cells  In  cul- 
ture depends  on  (1)  the  density  of  cells  in  culture  and  (2)  whether 
they  are  differentiated  or  not.  If  they  are  differentiated  cells, 
they  first  dedifferentiate  and  then  divide.  It  Is  only  when  they 
form  a monolayer  (or  confluence)  that  redifferentiation  occurs, 
and  it  is  only  then  that  nexuses  and  effector  bundles  form. 

With  fibroblasts  in  the  culture  with  smooth  muscle  cells  it 
was  shown  that  there  was  no  interaction  between  sympathetic  nerves 
and  fibroblasts. 

In  a sequence  where  a nerve  is  in  a 'choice'  situation  between 
a beating  smooth  muscle  cell  and  a fibroblast,  it  was  clearly  shown 
that  the  nerve  terminal  "palpates"  both  cells  for  a while  and  then 
it  grows  very  strongly  toward  the  muscle.  As  it  grows  it  appears 
to  make  the  muscle  beat  faster.  Whether  this  is  due  to  release  of 
the  transmitter  or  whether  it  is  a mechanical  effect  on  the  sur- 
face is  not  yen  clear. 

QUESTION:  What  was  your  source  ' smooth  muscle  cells? 

DR.  BURNSTOCK:  This  is  actually  a smooth  muscle  from  the 
vas  defer  .ns,  but  we  are  now  carrying  out  similar  explants  with 
arterial  smooth  muscle.  In  general  we  find  arterial  muscle  harder 
to  culture  than  the  visceral  muscles.  We  have  now  managed  to 
record  from  these  cells  during  stimulation  of  the  nerve  and  have 
shown  that  there  is  a functional  relationship.  Of  course  many 
issues  are  raised  by  these  experiments  but  this  is  not  the  place 
to  discuss  them  in  any  detail. 

DR.  AVRIL  SOMLYO:  I plan  to  briefly  review  some  of  the 

aspects  of  normal  function  of  vascular  smooth  muscle  with  particular 
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emphasis  on  the  action  of  drugs  and  on  excitation-contraction  cou- 
pling. It  is  well  established  that  there  i 

Regulation  of  are  very  marked  differences  in  vascular 

Contraction  reactivity  and  pharmacological  behavior 

in  the  same  vascular  bed  of  different 

species,  and  also  between  different  vascular  beds  within  the  same  1 

species  (359).  For  example,  contractile  responses  to  vasopressin,  . 

unlike  the  responses  to  epinephrine  or  to  angiotensin,  differ  very 
markedly  at  different  levels  of  a canine  aorta  (Fig. 18).  The  ooo 

thoracic  aorta  does  not  respond  to  vasopressin  at  all,  but  more 
distal  portions  of  the  aorta  contract  when  stimulated  with  this 
peptide.  Thus  the  distribution  of  specific  receptors  may  vary  even  j 

among  different  cells  within  a single  blood  vessel. 

In  order  to  have  a better  understanding  of  the  different  con- 
tractile effects  of  drugs,  it  is  necessary  to  look  at  some  of  the 
electrical  events  associated  with  excitation-contraction  coupling. 

There  are  some  vascular  smooth  muscles  that  spontaneously  generate 
action  potentials  which  in  turn  trigger  contractions.  The  portal- 
anterior  mesenteric  vein  is  a good  example  of  a vessel  with  this 
type  of  activity  (117,  163,  193,  363,  372).  Fig. 19  shows  a spon- 
taneous tetanus  in  the  rabbit  mesenteric  vein  recorded  by  extra-  wHT 
cellular  methods.  With  the  second  burst  of  action  potentials  there 
is  fusion  of  mechanical  activity.  Variations  in  action  potential 
morphology  in  different  vascular  smooth  muscles  are  seen  when 
electrical  activity  is  recorded  with  micro-electrodes  (Fig. 20). 

There  are  differences  in  the  rate  of  rise  of  the  action  potentials 
in  various  preparations  and  also  in  the  time-course  and  presence 
or  absence  of  slow  wave  activity. 


Spike  Generation  and 
Graded  Electrical 
Activity  in  Smooth 
Muscle  Contraction 


When  a spike  generating  type  of  vascular  smooth  muscle  is 
stimulated  with  an  excitatory  agent  such  as  norepinephrine,  there 

is  an  increase  in  action  potential  fre- 
quency and  a concentration-dependent  de- 
polarization of  the  tissue  (Fig. 21).  The 
extent  of  contraction  is  proportional  to 
the  amount  of  depolarization.  The  regu- 
lation of  contraction  by  action  poten- 
tials is  an  electromechanical  coupling  mechanism  also  seen  in 
uterine  and  intestinal  smooth  muscle  (209,  264).  The  ionic  species 
involved  in  carrying  the  current  during  this  type  of  electrical 
activity  have  not  been  established,  although  experiments  using 
voltage  clamp  techniques  (12,  174,  226)  as  well  as  experiments 
involving  changes  in  the  ionic  environment  suggest  that  both  sodium 
and  calcium  may  be  carriers  of  the  inward  current  during  the  action 
potential  of  uterine  smooth  muscle. 


Action  potentials  are  not  a prerequisite  for  contraction.  If 
spike-generating  rabbit  portal  vein  smooth  muscles  are  exposed  to 
caffeine,  their  action  potentials  are  abolished:  if  one  stimulates 
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Figure  IS:  Isotonic  responses  of  the  same  canine  aorta  at  four  levels.  T.A.:  thoracic  aorta.  U.A.: 
abdominal  aorta  above  coeli*.  axis.  M.A.:  between  cranial  mesenteric  and  renal  arteries.  L.A.: 
below  renal  arteries.  The  loading  tension  applied  was  of  the  order  of  in  vivo  tangential  stress. 
(Somlyo.  A.V.,  Sandberg,  R.L.  and  Somlyo,  A.P.:  J.  Pharmacol.  Exp.  Ther.  149:  106-112,  1965.) 
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Firm  19:  Spontaneous  tetanus  of  rabbit  mesenteric  vein.  Upper  record:  electrical  (sucrose  gap). 
Lower  record:  isometric  tension.  The  spontaneous  contractions  are  triggered  by  action  potentials 
arising  on  the  west  of  slow  waves.  During  the  first  contraction,  the  action  potential  frequency  is  too 
low  for  complete  fusion  of  the  mechanical  record,  which  occurs  during  the  initial  part  of  the  second 
contraction  at  the  result  of  the  increased  frequency  of  action  potential  discharge.  Note  that  without 
the  electrical  record,  a tetanus  (associated  with  rapid  action  potential  discharge)  and  a contracture 
(sustained  depolarization)  may  be  indistinguishable. 


Figure  20:  Variations  in  action  potential  morphology  in  diHerent  vascular  smooth  muscles.  Figure 
3a:  Slow  and  fast  sweep  speed  records  of  intracellular  action  potentials  of  guinea-pig  portal  anterior 
mesenteric  vein.  Figure  3b:  Slow  sweep  speed  record  of  initial  penetration  and  a burst  of  action 
potentials,  and  progressively  faster  sweep  speed  play  backs  of  portions  of  the  same  volley  of  action 
potentials.  This  record  was  obtained  in  rabbit  main  pulmonary  artery,  where  such  action  potentials 
are  observed  extremely  rarely  (1  out  of  500  penetrations),  and  may  represent  a fiber  type  other 
than  the  usual,  gradedly  responsive  fiber  or,  possibly,  fibers  deteriorated  due  to  injury.  3c:  The 
effect  of  intracellular  polarization  on  the  action  potentials  in  guinea-pig  portal-anterior  mesenteric 
vein.  Right  panel  shows  a fast  sweep  speed  play  back  of  one  of  the  action  potentials  in  the  volley 
thown  on  the  left  during  the  passing  of  hyperpolarizing  current  and  one  action  potential  after  the 
nyperpolarizing  current  was  turned  off.  The  second  action  potential  corresponds  to  the  left  side 
(hyperpolarization)  of  the  slow  sweep  speed  record  shown  in  the  left  panel.  Rate  of  depolarization 
and  spike  amplitude  are  increased  by  the  hyperpolarizing  current.  In  comparing  the  fast  sweep 
speed  record  of  the  portal  vein  preparation  (a  and  c)  with  the  fast  sweep  speed  record  of  the  main 
pulmonary  artery  record  (b)  note  the  much  faster  rate  of  rise  of  the  action  potential  in  b. 
(Unpublished  observations  of  Avril  V.  Somlyo  and  from  Somlyo,  A.V.,  Vinail,  P.  and  Somlyo,  A.P.: 
Microvasc.  Res.  1:  354-373, 1969). 
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Figure  7.1:  Extracellular  recording  of  electromechanical  rev  jnsei  of  rabbit  portal-anterior 
mesenteric  vein  to  norepinephrine.  Note  a and  b:  the  increasing  depolarization,  frequency  of  action 
potential  discharge,  and  contractile  response  to  increasing  concentrations  of  norepinephrine,  r. 
during  the  maintained  phase  of  the  contraction  elicited  by  the  largest  concentre*1  of 
norepinephrine,  the  action  potentials  have  been  "wiped  out"  In  tfte  center  of  ■'.<  mechanical 
record,  the  c*m  was  decreased:  see  vertical  calibration.  (Somlyo,  A.P.  and  S tyr‘fo.  A.V.*  In  Airway 
Dynamics,  Ed.  by  Bouhuys.  Charles  C.  Thomas  Publishers.  Springfield,  III.  "U9-228.  1970.) 
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such  nuscles  with  norepinephrine  they  will  depolarize  and  contract 
without  generating  action  potentials  (363) 


A second  type  of  smooth  muscle  does  not  spontaneously  gener- 
ate action  potentials  and  resporas  to  excitatory  agents  by  gradely 
depolarizing  (Fig. 22)  (130,  146,  363,  372,  390).  Norepinephrine, 
5-hydroxytryptamine,  angiotensin  and  histamine  produce  graded  de- 
polarization in  large  multiunit  blood  vessels  such  as  the  aorta 
and  main  pulmonary  artery. 


Smooch  muscle  exhibits  a rather  unique  ability  to  respond 
with  unequal  contractions  to  maximal  concentrations  of  various 
drugs.  For  example,  after  stimulation  with  a maximal  concentration 
of  angiotensin,  norepinephrine  will  further  contract  the  same 
aortic  smooth  muscle,  it  is  not  known  whether  the  underlying 
mechanisms  of  these  differences  arc  qualitatively  or  just  quanti- 
tatively different.  The  unequal  maximal  contractile  responses 
persist  after  depolarization  with  high  potassium  solutions  (Fig. 23) 
(363),  showing,  therefore,  tltat  the  inequalities  are  not  simply  due 
to  unequal  amounts  of  membrane  depolarization. 


Phasic  vs.  Tonic 
Contraction 


Vascular  smooth  nuscles  that  exhibit  spike  electrogenesis 
respond  to  high  concentrations  of  potassiun  with  a more  phasic 

contraction  than  muscles  that  exhibit 
graded  depolarization  and  are  more  tonic 
(Fig. 24).  Phasic  and  tonic  muscles  also 
differ  in  their  calcium  permeability  when 
depolarized  with  high  K to  increase  their  (low)  resting  Ca  perme- 
ability (372) . The  threshold  (Ca)  for  contraction  of  depolarized 
main  pulmonary  artery  is  of  jphe  order  of  10  *M,  whereas  that  for 
the  portal  vein  is  above  10  it.  In  this  type  of  experiment  the 
concentration  of  cytoplasmic  calcium  that  the  reyo filaments  see  is 
membrane  limited.  When  muscles  are  treated  with  glycerol,  the 
membranes  can  be  made  very  leaky  and  then  the  minimal  calcium  con- 
centration necessary  for  actomyosin  ATPase  activity  and  tension 
can  be  titrated.  Filo,  Rucgg  and  Pobr  (100),  and  Schadler  (32^) 
have  reported  that  a calcium  concentration  of  the  order  of  10  M 
is  necessary  for  tension  development  and  for  ATPase  activity  in 
glycerinated  taenia  coli;  this  is  comparable  to  the  concentration 
necessary  to  activate  glycerinated  skeletal  myofibrils. 


Spike  electrogencsis  and/or  graded  depolarization  precede 
the  rise  in  intracellular  free  calcium,  the  final  common  pathway 
cf  excitation-contraction  coupling,  leading  to  tension  development. 
However,  Evans,  Schild,  and  Thesleff  (93)  reported  that  smooth 
muscles  would  still  contract  in  completely  depolarized  preparations 
in  which  the  depolarization  step  in  excitation-contraction  coupling 
is  eliminated.  The  unequal  maximal  contractile  effects  of  different 
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| drugs  are  also  maintained  after  depolarization  (3C3).  Drug  induced 

2 relaxation  may  also  occur  in  polarized  smooth  (209)  and  tonic 
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Figure  22:  Graded  depolarization  and  contraction  of  rabbit  main  pulmonary  artery  smooth  muscle 
stimulated  with  norepinephrine.  The  upper  panel  shows  the  response  to  a low,  and  the  lower  pane! 
to  a high  concentration  of  the  catecholamine.  In  each  panel  the  upper  trace  is  the  electrical  (sucrose 
gap)  record  and  the  lower  trace  shows  tension.  The  depolarization  and  contraction  increase  in 
response  to  increasing  concentrations  of  norepinephrine  and  the  change  in  membrane  potential 
preceeds  the  tension  development,  ruling  out  the  possibility  that  depolarization  is  a junction 
potential  due  to  movement.  The  low  resting  potential  shown  is  indicative  of  the  degree  of  short 
circuiting  of  the  sucrose  gap  in  this  preparation  that,  by  intracellular  measurements,  has  a normal 
resting  membrane  potential  of  approximately  60  mV.  (Modified  from  Somlyo,  A.V.  and  Somlyo, 
A.P.:  J.  Pharmacol.  Exp.  Ther.  159:  129-145,  1968.) 
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Fifur*  23:  Responses  of  depolarized  canine  abdominal  aorta  to  supramaximal  drug  stimuli. 
Preparation  depot  irized  with  179.2  mM  K (SO4-CI)  solution  prior  to  addition  of  drugs,  and 
maintained  in  depolarizing  solution.  Upper  trace:  maximal  isotonic  responses  of  single  strip, 
determined  indivitlually.  to  supramaximal  concentrations  of  three  agents.  Note  unequal  responses 
of  depolarized  v.s.m..  similar  to  those  reported  by  us  to  occur  in  polarized  state.  Middle  and  lower 
traces:  the  effects  of  the  erne  three  agents  added  consecutively  to  depolarized  prepara:-"-.s.  The 
order  of  adding  angiotensin  and  vasopressin  did  not  affect  the  magnitude  of  the  response  to  either 
agent.  (Somlyo,  A.V.  and  Somlyo.  A.P.:  J.  Pharmacol.  Exp.  Ther.  159:  129-146,  1968). 
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Figure  24:  Responses  of  tonic  «nd  phasic  vascular  smooth  muscle  to  depolarization  with  high  K. 
Ordinate:  total  shortening.  Length  of  strips  (cm):  aorta  2.5;  main  pulmonary  artery  4.2;  mesenteric 
vein  4.1.  At  the  arrow  depolarizing  solution  containing  179.2  mM  K and  2.5  mM  Ca  was  added.  The 
K -contractures  of  the  main  pulmonary  artery  and  aortic  smooth  muscle  are  tonic,  while  the 
contracture  of  the  portal  mesenteric  vein  has  a large  phasic  component.  Note  the  spontaneous 
activity  of  mesenteric  vein  prior  to  depolarization.  The  rabbit  used  for  this  study  was  reserpinized 
to  eliminate  the  potential  effects  of  catecholamine  release.  (Somlyo,  A.V.,Vinall,  P.,  andSomlyo, 
A.P.:  Microvaec.  Res.  1:  354-373. 1969.) 
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striated  muscles  without  a necessary  change  in  the  membrane  poten- 
tial. Pharmacomechanical  coupling  is  a term  used  to  describe  the 
processes  through  which  drugs  can  affect  contraction  without  a 
necessary  change  in  membrane  potential  (363,  371).  The  relative 
importance  of  pharmacomechanical  and  electromechanical  coupling  in 
different  vascular  smooth  muscles  and  under  different  experimental 
conditions  may  vary.  The  underlying  mechanisms  of  pharmacomechan- 
ical coupling  which  bring  about  the  rise  in  intracellular  free 
calcium  are  not  understood. 

Calcium  influx  from  the  extracellular  space,  displacement  of 
bound  calcium  from  the  surface  membrane  or  release  from  intra- 
cellular storage  sites  are  possible 
The  Relationship  of  sources  of  calcium  for  the  contractile 

Calcium  Concentration  mechanism.  Varying  degrees  of  influx 
and  Membrane  Potential  of  extracellular  calcium  into  vascular 
to  Contractile  Proteins  smooth  muscle  are  observed  under  the 

influence  of  different  excitatory  stimuli 
(123,  370,  397).  However,  drugs  are  able  to  contract  some  depo- 
larized (and  also  polarized)  smooth  muscles  even  if  extracellular 
calcium  is  kept  below  levels  that  can  activate  the  contractile 
proteins  (48,  80,  358).  The  relative  magnitudes  of  the  drug- 
induced  maximal  contractions  are  also  maintained  in  virtua) ly 
calcium  free  solutions  (Fig. 25).  The  experiments  in  Ca-free 
media  are  done  at  room  temperature,  rather  than  at  37  degrees  C, 
to  retard  the  loss  of  calcium  from  intracellular  stores  (176,  358). 


There  are  significant  differences  in  the  volumes  of  sarco- 
plasmic rettculum  in  different  types  of  smooth  muscle  and  a posi- 
tive correlation  exists  between  the  ability  of  smooth  muscles  to 
contract  in  the  absence  of  extracellular  calcium  and  the  volume 
of  sarcoplasmic  reticulum  (80,  358). 

(For  a discussion  of  vascular  smooth  muscle  ultrastructure 
including  the  sarcoplasmic  reticulum  see  A.P.Somlyo,  page  1). 

The  sarcoplasmic  reticulum  content  of  the  main  pulmonary 
artery  and  of  the  aorta  is  5 - 7.52.  Such  smooth  muscles  respond 
with  sizeable  contraction  to  drugs  (e.g.  acetycholine,  angiotensin, 
and  norepinephrine)  even  in  the  absence  of  extracellular  calcium 
and  also  synthesize  large  amounts  of  collagen  and  elastin  (314, 
363).  The  latter  morphogenetic  function  may  be  related  to  the 
presence  of  a well-developed  sarcoplasmic  reticulum.  Other  smooth 
muscles,  such  as  the  portal-anterior  mesenteric  vein  ">nd  taenia 
coli  normally  contain  lesser  volumes  of  sarcoplasmic  reticulum 
(2-3 7.  of  cytoplasm  volume)  and  unlike  the  large  tonic  vessels, 
contract  not  at  all  or  only  minimally  in  the  absence  of  extra- 
cellular calcium. 
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Figure  0:  Contractile  responses  of  two  types  of  vascular  smooth  muscle  in  normal  and  in  Ca-free 
(4  mM  EGTA  solution).  The  contractions  in  the  right-hand  column  illustrate  the  responses  in 
normal  (Ca -containing  solution  to  supramaximal  concentrations  of  acetylcholine  (Ach,  Sug/ml)  and 
to  norepinephrine  (Ne,  tOug/ml).  The  left-hand  column  shows  the  effect  of  the  same  drugs  on  the 
same  preparations  placed  in  Ca-free  Krebs'  (two  upper  records)  or  Ca-frae  depolarizing  (left  lowtr 
record)  solution.  The  amplifier  gain  wet  increased  in  the  upper  left-hand  record  (see  vertical 
calibration).  Note  that  the  contractile  response  of  the  portal-anterior  mesenteric  vein  (mesenteric 
vein)  it  almost  completely  abolished  in  the  Ca-free  solution,  while  the  main  pulmonary  artary 
smooth  muscle  still  develops  tizeeble  contractions  in  this  medium.  The  unequal  maximal 
contractions  produced  by  the  two  drugs  still  persist  in  the  depolarized  main  pulmonary  artery 
smooth  muscle  in  Ca-free,  high  K medium  (left  bottom  panel).  Note  that  these  experiments  were 
done  at  room  temperature  to  avoid  the  loss  of  intracellular  calcium  accelerated  at  high 
temperatures.  (From  Devine,  C.E.,  Somlyo,  A.V.  and  Somlyo,  A.P.:  J.  Cell  Biol.  52:  690-718, 
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(The  accumulation  of  divalent  cations  by  sarcoplasmic  reti- 
culum and  mitochondria  of  smooth  muscle  are  discussed  by  A.  P. 
Somlyo,  page  2.) 

Summary:  In  general  there  are  two  major  types  of  vascular 

smooth  muscle:  (1)  spike  generating  with  relatively  p’.asic  K- 
contractions;  (2)  gradedly  responding  with  more  tonic  K-contrac- 
tions.  There  are  quantitative  differences  amongst  vascular  smooth 
muscles  within  each  category  and  it  is  likely  that  some  smooth 
muscles  may  normally  exhibit  properties  of  both  types  or  may  be 
induced  to  do  so  by  altering  experimental  conditions.  Pharmaco- 

mechanical  coupling  is  a process  of 
Pharmacomechanical  excitation-contraction  coupling  which 

Coupling  is  not  mediated  by  a change  in  membrane 

potential.  The  relative  contributions 
of  electromechanical  and  pharmacomechanical  coupling  in  normal 
polarized  smooth  muscle  have  not  been  determined  and  may  vary 
from  one  muscle  to  another.  Unequal  maximal  contractions  produced 
by  drugs  are  usually  accompanied  by  unequal  depolarization,  how- 
ever, unequal  contractions  persist  in  completely  depolarized 
tissues.  The  relative  volume  of  sarcoplasmic  reticulum  varies 
in  functionally  different  smooth  muscles  and  correlates  with  their 
ability  to  contract  in  the  absence  of  extracellular  calcium.  It 
is  probable  that  both  the  influx  of  extracellular  calcium  and  the 
translocation  of  intracellular  calcium  are  involved  in  excitation- 
contraction  coupling  and  the  contribution  of  these  may  vary  from 
one  blood  vessel  to  another. 

DR.  GOLENHOFEN:  During  the  last  twenty  years  spike  poten- 

tials have  been  measured  in  almost  all  types  of  mamnalian  smooth 

muscle.  This  led  to  the  concept  that 
Blocking  Spike  the  spike  is  the  only  process  capable 

Potentials  of  triggering  tension  developement  under 

normal  conditions.  Until  recently  the 
relatively  few  papers  which  reported  normal  mechanical  activation 
without  spike  discharges  were  not  able  to  convince  the  majority 
of  smooth  muscle  physiologists  for  the  following  reasons.  Spike- 
free  activation  was  described  mainly  for  tissues  such  as  aortic 
and  arterial  smooth  muscle  (44,  371,  392)  where  successful  intra- 
cellular measurements  of  electrical  activity  are  particularly 
difficult,  and  other  authors  have  also  described  spike-like  action 
potentials  in  these  tissues  (31,  177,  178,  218).  Furthermore, 
Somlyo  et  al  (372)  themselves  sometimes  found  spike  discharges 
in  pulmonary  artery.  Therefore  the  interpretation  of  negative 
results  concerning  spike  discharges  raises  special  problems:  it 
is  difficult  to  exclude  the  possibility  that  spike  discharges  are 
present  but  cannot  be  detected  because  of  methodological  limita- 
tions. 
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A new  approach  was  made  possible  by  using  drugs  which  block 
the  spike  potentials  of  smooth  muscle.  Verapamil  and  its  methoxy 
derivative,  D 600,  were  described  by  Fleckenstein  et  al  (101)  as 
calcium  antagonists,  which  block  electromechanica1  coupling  in 
heart  muscle.  In  smooth  muscle  these  drugs  are  able  to  suppress 
spike  discharges  (102,  118)  as  shown  in  Fig. 26.  In  an  isolated 
portal  vein  preparation  all  components  of  the  complex  pattern  of 
spontaneous  electrical  activity  disappear  after  application  of 
verapamil,  the  potential  record  becomes  a smooth  line  and  the  mem- 
brane becomes  slightly  depolarized  compared  with  the  maximal 
potential  values  during  normal  spontaneous  activity.  The  suppression 
of  electrical  activity  is  accompanied  by  a disappearance  of  the 
mechanical  activity. 


ft 


ft 
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Fig. 27  shows  the  reaction  of  an  isolated  portal  vein  on 
application  of  noradrenaline  (NA) , under  normal  conditions  (a)  and 
after  application  of  verapamil  (b)  and  (c)  (117).  NA  produces 
under  normal  conditions  (Fig.27A)  a depolarization  and  an  Increase 
in  the  frequency  of  spike  discharges.  During  treatment  with  vera- 
pamil, NA  produces  a depolarization  witnout  spike  discharges  but 
still  with  an  increase  in  tension  which  was  on  average  42 7.  of  the 
control  reaction.  The  size  of  the  NA-induced  depolarization  under 
verapamil  was  not  significantly  different  from  that  under  normal 
conditions. 

Parts  (a)  and  (b)  of  Fig. 27  are  sections  of  a continuous 
Intracellular  potential  recording  in  one  and  the  same  cell.  The 
recovery  of  the  impaled  cells  after  verapamil  treatment  could  also 
be  observed  in  continuous  long-term  recordings.  We,  therefore, 
have  direct  evidence  that  the  microelectrode  is  able  to  detect 
spike  potentials  under  verapamil  treatment  and  can  therefore  con- 
clude that  the  NA-induced  activation  of  portal  vein  under  these 
conditions  is  really  spike-free. 

Comparable  results  could  be  obtained  in  stomach  smooth 
muscle  where  acetylcholine  is  able  to  produce  a spike-free,  tonic 

activation  during  treatment  with  vera- 
Calclum  Activation  pamil  (119).  Since,  in  some  prepara- 

Mechanisms  tions,  both  the  spike-free  activation 

mechanism  and  the  spike  activation 
mechanism  can  similarly  be  suppressed  by  lanthanum  ions  and  by 
calcium  depletion,  we  concluded  that  the  smooth  muscle  cell 
membrane  has  two  different  calcium  activation  mechanisms  (120). 

The  final  proof  for  the  dual  nature  of  calcium  activation 
can  be  seen  from  the  observation  that  both  mechanisms  can  be 
selectively  suppressed  (43).  This  is  shown  for  stomach  smooth 
muscle  in  Fig. 28.  Under  stimulation  with  acetylcholine  (ACh)  the 
antrum  preparation  shows  an  increase  of  the  typical  phasic. 
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Figure  77:  Effect  of  noradrenaline  (NA)  application  on  membrane  potential  (MP)  and  tension 
development  (T)  of  portal  vein  smooth  muscle  (guinea-pig).  Records  (a)  and  (b)  are  sections  of  a 
continuous  potential  measurement  in  the  same  cell,  S min  excluded.  The  electrode  was  accidentally 
displaced  in  record  (b)  at  the  time  indicated  by  the  arrow.  Record  (c)  from  another  experiment,  the 
electrical  recording  not  disturbed  by  an  electrode  displacement.  NA  wet  given  as  a single  application 
to  the  perfused  organ  bath;  the  initial  concentration  is  indicated.  (After  Golenhofen  et  al„  1973.) 
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peristaltic  contractions,  while  in  the  fundus  strip  a more  tonic 
activation  is  induced,  and  an  intermediate  type  of  reaction  occurs 
in  the  corpus  strip.  Sodium  nitroprusside  (known  to  block  the 
activation  of  aortic  smooth  muscle,  (191))  suppresses  the  tonic 
reaction  in  the  fundus  and  the  tonic  c<  ponent  of  the  corpus  re- 
action and  leaves  the  phasic  contractions  of  the  antrum  almost  un- 
changed. D 600  (10"^  mol/1),  on  the  other  hand,  suppresses  all 
phasic  components  of  mechanical  activity.  After  its  application, 

ACh  only  produces  a spike-free,  tonic  activation  which  is  partic- 
ularly pronounced  in  the  fundus  and  nearly  absent  in  the  antrum 
region.  This  D 600-resistant  tonic  activation  is  equally  suppressed 
by  sodium  nitroprusside  (right  part  of  Fig. 28)  as  is  the  tonic  com- 
ponent of  the  control  reaction  (left  part). 


Comparable  results  can  be  obtained  with  vascular  smooth 
muscle  as  snown  in  Fig. 29  with  a spiral  aortic  strip  and  an  isolated 
mt  portal  vein  (both  from  the  rat) . The  aorta  behaves  similarly  to 
stomach  fundus,  the  portal  vein  similarly  to  stomach  antrum;  in 
the  vascular  preparations,  NA  and  not  ACh  must,  of  course,  be  used 
aumtAMO  as  stimulatory  agent.  Portal  vein  of  the  guinea-pig  shows  a more 
intermediate  type  of  reaction  comparable  to  a corpus  strip  of  the 
stomach,  as  can  be  seen  in  Fig. 27. 


These  results  have  led  to  the  theory  of  P-  and  T-systems  for 
calcium  activation  in  smooth  muscle  (121)  (Fig. 30).  The  P-system, 
which  is  blocked  by  verapamil  and  related  substances,  is  preferen- 
tially used  for  producing  phasic  mechanical  activity  and  its  activ- 
ation is  usually  combined  with  spike  discharges.  Thu  T-system  is 
preferentially  used  for  tanic  activation  and  its  activation  is 
usually  combined  with  depolarization  of  the  cell  membrane,  without 
spike  discharges.  The  basis  of  this  differentiation  is  a difference 
in  the  chemical  nature  of  the  calcium  activating  systems,  reflected 
in  the  selective  antagonistic  effects  of  different  substances. 


The  concept  of  P-  and  T-systems  allows  a better  explanation 
of  old  observations  and  opens  new  aspects  for  the  theory  of  smooth 
muscle  motility.  The  description  of  motoric  function  of  smooth 
muscle  organs  has  long  been  duallstic.  For  example.  Cannon  (56) 
distinguished  clearly  between  tone  and  motility  in  the  stomach.  We 
can  now  say  that  this  functional  dualism  is  also  represented  in  the 
differentiation  of  calcium  activation  systems  in  the  membrane  of 
smooth  muscle  cells.  P-  and  T-blocking  agents  are  helpful  tools 
for  the  further  analysis  of  smooth  muscle  activation,  and  the  prin- 
ciple of  P-  and  T-blockade  will  become  useful  in  clinical  applic- 
ations. 


DR.  KREYE:  I should  like  to  comment  on  the  question:  "Do 

there  exist  two  types  of  smooth  muscle  cells  or  two  different 
mechanisms  of  activation?"  Fig. 31  shows  the  relaxant  effect  of 
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sodium  nitroprus3ide  on  various  types  of  smooth  muscle.  The  aorta 

and  trachea  (both  of  which  are  tonically 
Two  Types  of  contracting  smooth  muscles)  are  highly 

Smooth  Muscle?  sensitive  to  the  relaxing  activity  of 

sodium  nitroprusside.  On  the  other  hand, 
smooth  muscle  with  phasic  responses  as  in  the  duodenum  and  the  por- 
tal vein  is  much  less  sensitive  and  tends  to  become  tachyphylactic 
to  sodium  nitroprusside,  or,  as  in  the  case  of  the  rat  uterus,  may 
be  even  totally  resistant  to  the  action  of  the  drug.  These  find- 
ings apparently  suppor".  Dr.  Golenhofen's  assumption  that  sodium 
nitroprusside  preferentially  inhibits  the  tonic  activation  mecha- 
nism but  little  or  not  at  all  the  phasic  activation  mechanism. 

Recently  we  have  tried  to  provoke  phasic  contractions  in 
rat  aorta.  This  can  be  done  by  cutting  the  helical  strips  from 
rat  aortae  at  a very  flat  angle;  thereby  "tight  junctions"  between 
the  single  cells  are  better  preserved  and  propogation  of  action 
potentials  becomes  possible.  In  this  preparation  we  do  not  see 
any  differential  effect  of  sodium  nitroprusside  on  the  phasic  or 
the  tonic  responses.  Our  observations  speak  in  favor  of  the  exist- 
ence of  two  types  of  snooth  muscle  cells  rather  than  of  two  differ- 
ent mechanisms  of  activation. 

DR.  ZEMPLENYI:  V.  would  like  to  address  a question  to  Dr. 

Avril  Somlyo  and  Dr.  Golenhofen  concerning  some  of  the  electro- 
mechanical properties  of  vascular  smooth  muscle.  We  know  that  in 

cardiac  muscle,  which  is  esbryologically 
Sodium  Tump  in  the  Con-  and  functionally  related  to  vascular 

trol  ot  Muscle  Contrac-  smooth  muscle,  many  of  the  electrical 

tion  and  mechanical  properties  are  associated 

with  the  sodium  pump  and  in  particular 
with  the  activity  of  an  enzyme,  the  sodium-potassium  linked  ATPase, 
Since  ouabain  is  a potent  inhibitor  of  the  latter  enzyme  I wonder 
whether  ouabain  and  other  cardiac  glycosides  do  also  alter  the 
electrical  and  mechanical  oroperties  of  vascular  snooth  muscle  as 
sfdied  by  Dr.  Somlyo. 

DR.  AVRIL  SOMLYO:  I am  afraid  that  ouabain  is  not  as  useful 

i cool  in  vascular  smooth  muicle  as  it  is  in  some  other  systems. 

Digitalis  glycosides  and  K-froe  solutions  in  general  do  contract 

and  depolarize  isolated  smooth  muscles  or  perfused  vascular  beds. 
Digitalis  seems  to  have  both  a direct  and  an  indirect  neurogenic 

effect  on  perfused  preparations.  Changes  in  tissue  ion  contents 

such  as  would  be  expected  from  blocking  the  Na  pump  have  been  re- 
ported in  some  smooth  muscles  and  not  in  others.  There  is  also 
some  evidence  that  ouabain  actually  affects  Ma  permeability  rather 
than  the  Na  pump.  We  have  recently  used  ouabain  in  our  laboratory 
in  studies  concerning  beta  adrenergic  hyperpolarization,  which  Is 
K dependent  but  is  not  simply  due  to  an  increase  in  K permeability. 
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Upon  addition  of  ouabain  the  pulmonary  artery  resting  membrane  pot- 
ential became  very  unstable,  sometimes  polarizing  and  at  other  times 
hyperpolarizing  and  not  reaching  a steady  level  for  at  least  two 
hours. 
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DR.  RODBARD:  Once  the  contractile  mechanism  is  locked,  what 

is  the  next  step  toward  releasing  the  contractile  element? 

DR.  AVRIL  SOHLYO:  Well,  this  would  actually  be  at  the  cross 
} bridge-actln  site  itself.  Calciua  releases  the  inhibitory  action 

jj  of  troponin  allowing  the  myosin-ADP.P*  to  interact  with  actin  sites. 

I As  the  cross  bridges  turn  over  ATP  is  hydrolyzed.  The  myosin-ADP.P* 

• actin  complex  is  involved  in  the  force  generating  step. 

I DR.  GOLENHOFEN:  Ouabain  affects  more  the  slower  components 

of  smooth  muscle  activity  and  not  the  spike  potentials.  For  example, 
in  stomach  smooth  muscle  it  suppressef.  the  large  "slow  waves"  in 
the  electrical  activity.  This  indicates  that  an  electrogenic  sodium 
pump  may  be  Involved  in  the  control  of  this  type  of  electrical 
activity. 

DR.  BURNSTOCK:  One  central  question  that  worries  me  is  the 

pharmacomechanical  coupling  idea.  I 
Membrane  Potential  Change  still  have  some  reservations.  Does  this 
and  Spike  Activity  happen  under  normal  physiological  con- 

ditions? I agree  that  you  can  demon- 
strate this  kind  of  coupling  under  certain  abnormal  conditions. 
However,  this  reservation  apart,  there  seemed  to  me  to  be  some  in- 
congruity in  your  presentation  on  two  particular  point'*. 

Avril  Somlyo  talked  in  terms  of  two  smooth  muscle  types. 

Dr.  Golenhofen  talked  in  terms  of  two  smooth  muscle  mechanisms, 
presumably  occurring  in  the  same  muscle  type.  I would  like  to  know 
what  evidence  there  is  that  there  are  two  distinct  smooth  muscle 
types  and  whether  there  is  some  agreement  on  this?  The  other  point 
which  needs  clarification  is  that,  whereas  Av^il  Somlyo  made  it 
clear  that  what  she  meant  by  pharmacomechanical  coupling  was  that 
there  were  no  membrane  potential  changes  preceding  contraction  and 
in  this  she  presumably  included  spikes  and  any  slow  events  that 
might  occur  in  the  membrane.  Dr.  Golenhofen  talked  exclusively  in 
terms  of  no  spike  activity.  These  again  are  very  different  concepts 
because,  while  I do  not  find  it  hard  to  accept  the  idea  of  a graded 
potential  change  in  smooth  muscle,  I find  it  very  much  harder  to 
accept  the  idea  of  no  membrane  potential  change  at  all.  I would 
like  clarification  on  these  two  important  issues. 

I will  make  a cosment  on  a different  subject.  This  is  the 
question  that  was  raised  by  Andrew  Somlyo  concerning  whether  there 
is  any  connection  of  the  endoplasmic  reticulum  to  the  outside  and 
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| this  is,  after  all,  a critical  question  when  considering  excitation- 
I contraction  coupling.  Under  our  experimental  conditions  there  is 
| penetration  of  lanthanum  specifically  in  the  smooth  tubular  systems, 

t suggesting  that  under  some  circumstances  at  any  rata,  there  might 

be  some  connection  with  the  outside.  1 am  well  aware  of  the  sorts 
| of  problems  involved  in  looking  at  lanthanum  penetration  and  the 
1 dangers  that  it  might  be  penetrating  into  the  cell  ir  a non-specific 

* way.  But  it  does  seem  to  me  that  it  is  very  significant  that  the 
lanthanum  is  located  on  the  Inside  of  these  membranes  and  not  on 

| the  outside,  nor  is  it  localized  on  any  other  structure. 

i 

DR.  AVRIL  SOMLYO:  I classify  smooth  muscle  into  two  types, 

on  the  basis  of  their  electrical  properties.  One  is  3pike  generating 

• while  the  other  produces  a gradient  response.  There  are  also 

j morphological  differences.  Muscles  that  generate  action  potentials 
have  a small  volume  of  sarcoplasmic  reticulum  and  display  phasic 
potassium  contraction  while  gradiently  responding  muscles  such  as 
| found  in  the  large  exastic  arteries  and  I think,  the  anococcygeal 
J muscle  and  the  trachealis  have  a larger  volume  of  sarcoplasmic 
! reticulum  and  undergo  tonic  contraction  without  normally  genera  ing 
action  potentials. 

DR.  A.  P.  SOMLYO:  As  Avril  Somlyo's  discussion  and  slides 

illustrated,  Lhere  are  various  graduations  between  action  potential 
generating  and  gradedly  responsive  smooth  muscles.  Furthermore,  as 
the  records  clearly  show,  spike  generating  smooth  muscles  are  also 
capable  of  graded  depolarization.  In  these  types  of  smooth  muscle 
both  forms  of  electromechanical  coupling  (action  potential  and 
graded  depolarization)  co-exist.  This  behavior,  of  course,  does 
not  differ  greatly  from  striated  twitch  muscle  fibers,  in  which 
graded  activation  can  also  be  demonstrated,  if  the  regenerative 
action  potential  is  blocked  with  tetrodotoxin.  The  difference 
between  Dr.  Goienho fen's  terminology  and  ours  is  one  of  emphasis: 
he  treats  primarily  the  different  types  of  activation,  while  we 
emphasize  the  fact  that  in  different  types  of  smooth  muscle  one 
or  the  other  form  of  activation  may  predominate. 


Incidentally,  I am  very  much  pleased,  Geoff,  that  you  no 
longer  find  it  difficult  to  accept  graded  depolarization  as  a means 
of  activation  in  smooth  muscle,  as  you  were  not  quite  ready  to 
accept  this  at  the  1968  Congress  in  Washington. 


DR.  BURNSTOCK:  It  seems  to  me  that  you  are  saying  that  there 

are  not  two  distxnct  smooth  muscle  types. 

DR.  A.  P.  SOMLYO:  The  text  books  are,  indeed,  going  to  talk 

about  different  types  of  smooth  muscle.  As  both  your  laboratory 
and  ours  has  nct-d  there  can  be  wide  variations  in  the  action  pot- 
ential morphologies  (e.g.  rate  of  <*  ’polarization,  etc.)  in  differ- 
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ent  types  of  smooth  muscle,  ranging  from  the  very  fast  action  pot- 
ential to  the  "conventional"  spike  seen  in  tissues  such  as  the 
taenia  coll  and  portal  vein  (see  presentation  by  Avrll  V.  Somlyo). 
But,  allowing  for  these  minor  variations  and  for  different  degrees 
of  phasic  or  tonic  behavior,  there  are  essentially  two  major  types 
of  smooth  muscle:  one  that  responds  to  excitation  normally  by  gene- 
rating action  potentials,  but  depolarizes  gradedly,  when  stimulated 
with  an  excitatory  agent.  Examples  of  "he  first  type  are  the 
smooth  muscles  of  the  large  elastic  arteries,  and,  according  to  the 
literature,  the  rat  anococcygeal  and  canine  trachealis  smooth 
rat  muscles.  The  second  type  of  smooth  muscle  has  been  studied  in  much 
ooo  greater  detail,  and  includes  intestinal,  uterine  and  portal  vein 
smooth  muscle. 

DR.  GOLENHOFEJJ:  After  our  first  results  with  verapamil  we 

distinguished  between  a "spike  activation  mechanism"  (SAM)  and  a 
"spike-free  activation  meciianism" (SFAM) . This  classification  is 
very  similar  to  Dr.  Somlyo' s,  it  only  avoids  the  term  "pharraaco- 
mechanical  coupling"  and  also  the  term  "nonelectrical  activation". 
The  term  SFAM  therefore  does  noc  include  any  statement  about  the 
open  question  to  what  extent  electrical  processes  other  than 
spikes  or  truly  nonelectrical  processes  participate  in  this  type 
of  activation.  Our  new  concept  of  P-  and  T-systems  has  different 
foundations.  It  is  based  on  chemical  differences  in  the  calcium 
activating  systems,  which  are  reflected  in  the  fact  that  they  can 
be  selectively  blocked  - comparable  to  the  differentiation  of 
adtenergic  receptors  into  alpha  and  beta  receptors.  There  is  cer- 
tainly a great  over-lap  between  this  classification  and  Dr. 

Somlyo's:  the  "spike-producing  type"  of  smooth  muscle  operates 
mainly  wich  the  P-system  and  the  "gradedly  responsive  type"  mainly 
with  the  T-system.  However,  the  P-T-concept  is  certainly  more  than 
only  another  terminology.  We  can,  for  example,  show  that  in  some 
ouincario  spike-producing  tissues  such  as  guinea-pig  portal  vein  and  pre- 
parations from  the  corpus  region  of  the  stomach,  a T-system  is 
present  in  addition  to  a P-system.  Other  spike-producing  types 
such  as  taenia  coli  of  the  guinea-pig  operate  with  a P-system  only. 
We  can  also  show  that  the  contracture  of  taenia  coli  induced  by 
K+  depolarization,  which  is  spike-free,  is  mediated  by  a P-system. 

Dr.  Burnstock's  question  about  the  role  of  the  different 
mechanisms  in  normal  activation  can  clearly  be  answered  in  terms 
of  the  P-T-concept.  The  whole  noradrenaline-induced  contraction 
of  guinea-pig  aorta  is  mediated  by  a T-system,  it  is  not  reduced 
by  P-blockade  (D  600  up  to  10”  mol/1),  and  similar  results  can 

be  obtained  in  the  gall  bladder  and  in  the  fundus  of  the  stomach. 

In  some  respects  the  T-system  is  more  important  than  the  P-system, 
because  the  P-system  in  itself  appears  as  rather  homogeneous  where- 
as greater  differences  exist  between  the  T-systems  of  different 
organs,  which  is  of  particular  importance  for  clinical  applications. 
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DR.  KREYE:  I have  a question  for  the  Somlyo  family,  the 

first  part  of  which  regards  the  sources  of  calcium  for  excltation- 

contraccion  coupling  in  va  -.ular  smooth 
Extracellular  vs.  muscle.  It  had  long  been  assumed  that 

Intracellular  Sites  the  calcium  necessary  for  smooth  muscle 

of  Ca  Release  activation  comes  from  the  extracellular 

environment  of  the  cell.  More  recently, 
the  possible  role  of  intracellular  binding  sites  for  calcium,  namely 
the  sarcoplasmic  reticulum,  has  been  elucidated.  Are  you  prepared 
to  make  any  decision  as  to  what  extent  extracellular  calcium  and 
calcium  released  from  intracellular  sites  contribute  to  the  excit- 
ation-contraction coupling  of  vascular  smooth  muscle  under  physio- 
logical conditions?  I think  this  is  primarily  a question  on  the 
quantity  of  calcium  stored  in  intracellular  binding  sites  and  on 
the  rate  of  its  release  into  the  cytoplasm.  Secondly,  it  has  been 
shown  by  your  group  that  mitochondria  accumulate  divalent  cations. 

Is  it  likely  that  mitochondrial  calcium  plays  a role  in  the  acti- 
vation of  vascular  smooth  muscle?  Is  the  rate  of  calcium  extrusion 
from  mitochondria  sufficient  to  contribute  to  the  excitation- 
contraction  coupling? 


DR.  A.  P.  SOMLYO:  It  is  probable  that  both  intracellular 

and  extracellular  calcium  contribute  to  the  activation  of  smooth 
muscle,  but  the  relative  contributions  may  vary  in  different  types 
of  smooth  muscles  and  with  the  experimental  conditions.  Quanti- 
tating thi  different  relative  contributions  from  these  two  sources 
would  be  very  difficult,  except  when  all  the  extracellular  calcium 
lias  been  removed  witli  the  aid  of  calcium  chelating  agents. 

Some  of  our  research  is  obviously  motivated  by  our  Interest 
in  determining  the  role  of  mitochondria  in  the  physiological 
regulation  of  intracellular  free  calcium  levels  in  smooth  muscle. 
However,  it  has  yet  to  be  shown  that  the  apparent  affinity  constant 
and  the  rate  of  accumulation  of  calcium  by  mitochondria  from  smooth 
muscle  are  of  the  order  of  irav.nl rude  sufficient  to  reduce  the  intra- 
cellular calcium  of  vascular  smooth  muscle  sufficiently  rapidly  to 
the  levels  required  for  relaxation.  We  hope  to  test  this  question 
directly  with  the  use  of  electron  probe  X-Ray  mlcroanalysls  that 
has  already  enabled  us  to  show  the  net  accumulation  of  divalent 
cations  by  mitochondria  In  smooth  muscle. 


DR.  RODBARD:  I would  like  to  discuss  some  of  our  findings 

with  respect  to  the  permeability  of  the  arterial  wall. 

We  have  obtained  results  which  suggest  that  the  arterial 
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Permeability  of 
the  Arterial  Wall 


wall  Is  much  more  permeable  than  would 
nupear  from  the  apparent  tightness  of 
Its  collagenous,  clast  la  and  smooth 
muscle  framework.  Two  discrete  pools 
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appear  to  enter  into  the  fluids  that  bathe  the  smooth  muscle  cells 
of  the  arterial  wall.  One  of  these  pools  originates  in  the  blood 
that  flows  in  the  vessel  lumen.  This  fluid  may  pass  via  the  vasa 
vasorum  to  supply  the  metabolic  needs  of  the  smooth  muscle  cells. 
The  second  pool  lies  outside  of  the  vascular  adventitia,  in  the 
trabeculae.  The  trabeculae  serve  as  avenues  through  which  the  art- 
eries, veins,  nerves  and  lymphatics  pass,  and  in  which  fat  cells 
and  other  extracapsular  cells  are  found.  This  conclusion  concern- 
ing two-fluid  mixing  is  based  on  a two- injection  technique. 


¥ 


¥ 


s 

I 


1.  Ringer's  solution  containing  ferrocyanide  ion  was  infused 
via  the  arteries  or  veirs  of  various  tissues,  including  skeletal 
muscle,  myocardium,  lung,  kidney  and  optic  nerve.  This  introduced 
the  ferrocyanide  ion  into  the  vasa  vasorum  and  thereby  into  the 
outer  medial  wall  of  the  vessel. 

2.  Ringer's  solution  containing  ferric  ion  was  then  injected 
into  the  parenchyma  (not  intravascular ly) . This  Introduced  the 
ferric  ion  into  the  trabecular  cl  .fts  of  the  tissue  (307,  308). 

Wherever  ferric  ion  came  into  contact  with  ferrocyanide,  the 
Insoluble  ferri-ferrocyanide  (Prussian  blue)  marked  the  site  with 
its  characteristic  deep  blue-black  precipitate  (309).  The  appear- 
ance of  this  color  in  the  medial  wall  indicated  that  the  intra- 
lumenal  fluid  containing  the  ferrocyanide  communicated,  via  the 
extravascular  fluids  that  contained  the  ferric  ion,  with  the  intra- 
mural fluids  of  the  blood  vessel. 

We  ha/e  observed  this  relationship  in  the  arteries  that  feed 
skeletal  and  myocardial  muscle  bundles,  in  the  small  intrarenal 
arteries  adjacent  to  the  glomeruli,  in  the  pulmonary  vessels,  and 
in  the  veins  adjacent  to  the  optic  nerve.  Tangential  cuts  through 
blood  vea.  ->la  exhibit  precipitation  of  Prussian  blue  on  the  endo- 
thelium and  the  outer  media  (Fig. 32).  Since  our  counterstain 
is  nuclear  fast  red,  the  blue  coloration  can  be  attributed  only  to 
ferri-ferrocyanide  precipitate.  This  technique  clearly  outlines  a 
basket-work  arrangement  of  the  fluid  pool  that  surrounds  the  smooth 
muscle  cells  in  the  arterial  wall  (Fig. 33).  The  circumferential 

arrangement  of  the  smooth  muscle  cells 
Arrangement  of  of  the  inner  layers  of  the  vessel  witli- 

Vascular  Smooth  stands  the  outward  push  of  the  blood 

Muscle  Cells  pressure  and  the  resulting  stretching 

(tensile)  forces  in  the  wall.  Near  the 
adventitia  the  smooth  muscle  cells  are  aligned  with  the  long  axis 
of  the  vessel  in  a manner  that  can  withstand  the  tendencies  of  the 
vessel  fo  be  stretched  excessively,  to  elongate,  or  to  buckle. 
Similar  findings  have  been  obtained  in  the  small  arteries  and  veins 
of  the  kidney  (Fig. 34). 
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Figure  32:  Skeletal  MukIc  and  trabaculaa.  Ringer's  solution  containing  ferrocyanide  ion  was 
perfused  through  the  arterial  system.  Ringer's  containing  ferric  ion  seas  injected 
intraparenchymally . Prussian  blue  was  precipitated  around  the  smooth  muscle  cells  of  the  media  of 
the  blood  vessel  well  (heavy  dark  lines). 

Tissues  were  stained  only  with  nuclear  fast  red.  Blue  color  therefore  represents  only  Prussian  blue 
precipitate.  Each  smooth  muscle  cell  and  its  nucleus  can  be  identified;  the  dark  lines  are  the 
precipitate.  x85.  25A  Red  Vivitar  filter. 
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Under  normal  circomatances,  the  direction  of  flow  from  the 
arterial  stream  may  be  expected  to  pass  from  the  lumen  through  the 
vasa  vasorum  to  the  adventitia.  During  contraction  of  smooth  muscle, 
trabecular  fluids  may  be  squeezed  into  the  extracellular  interstices 
of  the  adventitia,  thereby  reversing  the  direction  cf  flow.  Fluid 
shifts  of  this  type  may  transfer  information  concerning  the  concen- 
trations of  metabolites  and  other  materials  in  the  vfssel  wall  and 
in  the  trabeculae,  and  thereby  coordinate  and  control  smooth  muscle 
contractility.  Our  results  indicate  a continuous  fluid  exchange 
through  the  apparently  tough  and  tightly  organized  vessel  wall.  It 

is  well  known  that  mast  cells  in  the 
Local  Chemical  trabecular  clefts  can  release  heparin. 

Regulation  of  histamine  and  serotonin,  especially  in 

Vasomotion  response  to  an  increased  hydration  of 

the  tissues  (2.74,  339).  Heparin,  which 
originates  in  the  trabeculae,  also  hits  a local  effect  on  lipoprotein 
lipases,  apparently  at  the  endothelial  level.  The  possibility  that 
fluids  in  the  trabeculae  may  enter  into  the  adventitia  and  thereby 
come  into  contact  with  the  smooth  muscle  cells  of  the  media  must 
therefore  be  considered.  Vasoactive  substances  derived  from  mast 
cells  can  thereby  affect  local  vasomotion,  clotting  tendencies  and 
the  metabolism  of  lipids.  These  considerations  must  be  added  to 
the  equation  of  the  known  dynamics  of  the  vessel  wall,  if  the  pot- 
ential influences  of  local  factors  on  vascular  regulation  are  pro- 
perly to  be  understood. 


I would  like  also  briefly  to  discuss  the  sequence  of  the 
events  that  must  precede  each  muscular  contraction.  If  a muscle 

is  to  accomplish  its  function,  careful 
Electrical  and  coordination  of  its  contractile  activity 

Chemical  Coordination  is  necessary.  Otherwise,  its  action 

of  Muscular  Contraction  and  the  definite  metabolic  costs  that 

are  Incurred,  will  accomplish  nothing. 
This  need  for  coordinaticn  of  the  contraction  process  is  clearly 
evident  in  the  uselessness  of  fibrillation  of  cardiac  or  skeletal 
muscle.  Machinery  has  evolved  that  ensures  proper  coordination 
of  the  contraction  of  t'  2 units  of  each  muscle.  Coordination  of 
contractile  energies  must  also  be  necessary  in  smooth  muscle  fibers. 

The  sequence  necessary  for  such  coordination  is  inadequately 
appreciated.  Several  discrete  events  must  transpire  before  a 
muscular  fiber  can  contract.  The  first  event  is  depolarization  of 
the  muscle  cell  membrane.  This  can  be  measured  with  the  electro- 
gram. Depolarization  may  be  viewed  as  equivalent  to  pressing  a 
"power  on"  button.  The  system  is  thereby  armed  for  contraction, 
but  contraction  does  not  yet  take  place.  Thus,  there  is  no  immed- 
iate temporal  relationship  between  the  action  potential  and  the 
ultimate  mobilization  of  the  tensile  forces  of  the  affected  con- 
tractile elewents.  This  is  clearly  evident  in  the  myocardium. 
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in  which  measurable  shortening  does  not  usually  begin  until  rela- 
tively long  after  much  of  the  depolarization  process  has  been  com- 
pleted. Only  then  does  the  force  of  myocardial  contraction  take 
effect.  This  force  increases  during  another  long  interval,  for  as 
much  as  300  msec.  (310).  Similar  lags  between  depolarization  and 
contraction  are  measurable  in  skeletal  and  in  smooth  muscle. 

Depolarization  increases  the  permeability  of  the  membrane  of 
the  muscle  fiber.  Potassium  ions  then  diffuse  out  of  the  fibers, 
while  sodium  ions  diffuse  into  the  fibers.  Calcium  ions,  previously 
bound  to  the  proteins  of  the  membra  \e,  are  also  released  and  these 
diffuse  ,r  possibly  are  pumped  through  the  transverse  tubules  toward 
the  Z band.  Near  the  Z band,  the  calcium  ions  chelate  troponin,  a 
myocardial  protein.  Troponin  functions  as  a safety-lock  which  in 
its  unbound  state  inhibits  contraction.  Chelation  of  the  troponin 
by  calcium  removes  this  safety  lock.  Contraction  may  then  take 
place,  provided  one  more  important  step  is  completed.  That  step 
is  the  mechanical  application  of  a pulling  force  on  the  muscle 
fiber. 

Evidence  for  this  pulling  force  may  be  seen  in  the  phenomenon 
of  latency  relaxation  (325).  Within  a millisecond  or  two  after 
depolarization,  the  load  acts  to  stretch  the  muscle  fibers.  Only 
after  this  "latency  relaxation"  has  taken  place  can  the  tensile 
force  of  the  muscle  come  into  motion. 

Our  studies  on  muscle  pain  (311)  suggest  that  the  pulling 
force  of  the  load  fragments  a portion  of  a molecule  of  the  contract- 
ile equipment.  This  may  be  viewed  as  equivalent  to  applying  a 
small  force  to  the  trigger  of  a mouse-trap.  Only  then  can  the 
energy  of  the  system,  previously  stored  in  the  pre-loaded  spring, 
be  released  to  accelerate  the  tensile  forces  of  the  muscle  and  to 
produce  muscular  shortening. 

Coordination  of  the  process  of  contraction  therefore  requires 
a sequence  of  events  that  includes:  (1)  depolarization;  (2)  release 
of  calcium;  (3)  binding  of  troponin;  and  (4)  a stretching  force 
that  finally  triggers  the  release  of  the  energy  of  the  contractile 
machinery. 

Our  findings  that  the  smooth  muscle  cells  of  the  arterial  wall 
appear  to  be  bathed  in  fluids  that  are  derived  from  the  blood  plasmc 
and  from  the  extra-vascular  fluids  of  the  interst itium,  suggest 
that  this  arrangement  may  also  contribute  to  the  coordination  of 
the  contraction  of  vascular  muscle  fibers. 


DR.  ROSS:  The  experiments  I shall  present  have  been  conducted 
in  collaboration  with  Dr.  John  Glomset  and  Ms.  Beverly  Kariya.  Dr. 
Lawrence  Harker  also  collaborated  in  some.  1 would  like  to  take 


SMOOTH  MUSCLE  STRUCTURE  65 

you  through  the  growth  of  arterial  smooth  muscle,  not  in  vivo  but 
in  vitro;  describe  the  cell  culture  system  we  have  developed  and 

how  we  use  it  with  particular  emphasis 
The  Growth  of  Arterial  on  the  growth  properties  of  these  cells 

Smooth  Muscle  Cells  in  in  culture,  I will  discuss  their  require- 

Tissue  Culture  ments  for  growth  and  how  we  can  modify 

their  growth  response.  When  we  get  into 
a discussion  of  metabolism  this  afternoon,  we  will  talk  about  some 
of  the  many  things  these  talented  cells  can  make. 

It  is  important  to  recognize  the  limitations  of  the  cell  cul- 
ture system  in  terms  of  relatirg  anything  one  observes  in  vitro  to 
what  happens  in  vivo.  Nevertheless,  if  one  can  find  reproducible 
circumstances  where  one  can  establish  criteria  for  cell  performance, 
in  vitro,  in  terms  of  cell  physiological  responses,  that  are  akin 
to  what  one  observes  in  vivo,  then  one  begins  to  have  some  confi- 
dence that  the  manipulations  one  can  exert  under  controlled  circum- 
stances in  vitro  may  provide  some  insight  into  how  these  cells  act- 
ually respond  in  the  animal.  We  are  particularly  interested  in  the 
proliferative  response  of  these  cells  to  growth  factors. 

First  we  had  to  convince  ourselves  that  arterial  smooth  muscle 
can  be  grown  in  homogeneous  culture;  second,  that  the  cells  retain 
the  phenotypic  appearance  of  smooth  muscle  cells  from  the  donor; 
and,  third,  that  they  will  do  many  if  not  all,  the  things  in  vitro 
that  they  do  in  vivo. 

We  hoped  to  go  one  step  further  and  gain  insight  into  how  we 
could  BETTER  understand  the  response  of  the  cells  by  developing  a 
chemically  defined  medium.  Then  we  would  be  able  to  add  various 
substances  and  be  able  to  Interpret,  hopefully,  what  we  are  doing 
to  the  cells.  I think  we  are  well  along  this  road  as  you  will  see 
from  our  observations.  There  are  many  problems  left. 

First  let  us  begin  by  showing  how  these  cells  appear  in  cul- 
ture and  how  we  get  the  cultures  going.  Everything  I am  going  to 
show  you  this  morning  with  the  exception  of  a few  micrographs 
deals  with  the  primate  Macacca  Nemest rina,  the  pig-tailed  monkey. 

The  University  of  Washington  fortunately  had  a breeding  colony  so 
that  we  are  able  to  breed  the  monkeys.  Thus  we  know  a great  deal 
about  their  genetics. 

In  our  initial  cell  culture  studies  we  used  a culture  medium 
that  has  the  black  magic  of  serum  added  to  it.  We  thought  it  would 

be  proper  if  we  could  use  serum  from  the 
Requirements  for  same  genus  of  primate  so  we  could  system- 

Growth  atically  alter  the  properties  of  the 

medium.  Thus,  in  theory,  the  cells 
would  see  in  culture  at  least  a large  proportion  of  the  same  sub- 
stances thev  see  in  vivo. 
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Our  cells  are  derived  from  explants  of  the  thoracic  aorta  of 
this  primate.  We  remove  the  inner  one-third  of  the  media,  which  is 
easily  done  using  a dissecting  microscope.  These  segments  are  cut 
into  small  cubes  approximately  one  millimeter  square.  Large  num- 
bers of  these  explants  are  placed  in  Falcon  flasks.  Each  flask 
may  contain  from  fifty  to  one  hundred  explants  in  a medium  contain- 
ing up  to  twenty  per  cent  homologous  serum.  This  medium  is  a modi- 
fied form  of  the  Dulbecco-Vogt  modification  of  Eagle’s  medium  con- 
taining five,  ten  or  twenty  per  cent  homologous  primate  serum. 

Within  two  or  three  days  the  cells  begin  to  grow  out  from  the 
explants.  Their  outgrowth  is  quite  variable.  If  one  looks  within 
a given  flask  one  will  find  after  several  days  that  perhaps  20X  of 
the  explants  have  cells  growing  out,  and  after  seven  days  as  many 
as  70Z  may  have  cellular  outgrowth.  No  matter  what  we  do,  about 
ten  to  twenty  per  cent  of  the  explants  never  display  outgrowth. 

It  takes  perhaps  a total  of  two  to  three  weeks  before  the 
growth  points  will  become  confluent.  The  cultures  are  then  trypsin- 
ized  — the  explants  are  trypsinized  away.  We  carry  them  through 
one  trypsinization  which  represents  three  to  five  cell  generations. 
The  doubling  time  for  these  cells  is  apprximately  36  hours.  We 
start  to  use  the  cells  for  our  studies  after  the  second  trypsiniza- 
tion. 


We  have  karyotyped  the  cells  and  about  80  to  90  per  cent  of 
the  cells  are  diploid  and  10  to  20  per  cent  of  them  are  tetraploid. 
The  cells  will  generally  survive  for  fifty  cell  generations  before 
we  run  into  difficulties  and  they  begin  to  die.  Therefore  we  must 
periodically  go  through  the  process  of  setting  up  new  cultures. 

All  of  the  cells  are  derived  from  one  to  two  year  old  monkeys. 

All  of  the  experiments  I am  going  to  describe  were  performed 
with  smooth  muscle  cells  obtained  between  the  second  and  seventh 
trypsinization.  We  do  not  use  the  cells  after  that  because  they 
begin  to  react  oddly  in  fashions  we  don't  completely  understand. 

The  cells  demonstrate  changes  in  culture  that  are  not  reproducible 
after  that  point  in  time,  therefore  we  don't  use  them. 

To  prepare  the  cells  frr  electron  microscopy  we  fix  them  in 
situ,  embed  them  in  situ,  and  invert  beam  capsules  over  them  filled 
with  resin  and  polymerize  the  whole  thing.  As  soon  as  we  take  them 
out  of  the  oven  we  pop  the  capsules  out  of  the  dish  so  that  the 
cells  are  on  the  fiat  end  of  each  capsule.  Then  we  can  easily 
stain  them  with  a number  of  stains,  visualize  them  in  the  dissecting 
scope,  pick  out  the  area  we  want  and  them  trim  the  block  so  we 
obtain  a section  tangential  to  the  surface  of  the  dish.  We  can 
turn  the  block  ninety  degrees  and  obtain  a transverse  section.  A s 
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you  will  see  in  the  light  micrographs  the  cells  have  interesting 
growth  properties  in  that  they  grow  in  hills  and  valleys  in  culture. 
The  hills  may  have  as  many  as  fifteen  cell  layers  and  between  each 
layer  there  are  extra-cellular  products.  In  the  valleys  there  nay 
be  no  cells  or  there  may  be  a single  cell.  Fig. 35  shows  these  cells 
containing  dense  bodies  between  bundles  of  myofilaments  in  low 
magnification.  In  Fig. 36  one  of  these  cells  is  shown  in  higher 
magnification  illustrating  that  the  mitochondria  are  often  bifur- 
cated or  trifurcated. 

The  bundles  of  myofilaments  can  be  seen  to  run  in  numerous 
directions  in  culture.  The  cells  take  different  shapes  depending 

on  what  is  present  in  the  medium.  If 
Ultra  structural  one  should  have  serum  in  the  medium  as 

Characteristics  the  cells  grow  out  these  cells  become 

rather  long  and  ribbon-shaped.  In  the 
presence  of  no  serum  or  one  per  cent  serum,  when  they  reach  sta- 
tionary growth  the  cells  are  long  and  irregularly  shaped. 

The  filaments  described  by  Andrew  Somlyo  can  be  seen  together 
with  microtubules  (mt)  as  well  as  aggregates  of  ribosomes.  At 
higher  magnification  one  can  see  sixty  angstrom  filaments  that 
Somlyo  described.  In  some  regions  all  three  sizes  of  filaments 
(60  angstrom,  100  angstrom,  150  angstrom)  are  visible.  These  cells 
also  make  junctional  contacts  in  the  forms  of  gap  junctions.  They 
are  not  "tight  junctions"  because  there  is  a twenty  angstrom  gap 
between  the  external  leaflets  of  the  two  unit  membranes.  In  some 
tissues  in  vivo  these  gap  junctions  have  been  shown  to  be  associa- 
ted with  electrotonic  couplings  between  the  cells.  We  have  no  evi- 
dence for  this  in  our  in  vitro  system,  but  there  may  be  evidence 
in  other  systems. 

In  addition,  1 would  point  our  some  other  material  outside  the 
cells  that  appears  morphologically  like  basement  membrane.  There- 
fore you  can  see  that  phenotyoically , the  cells  retain  the  appear- 
ance of  well  developed,  .iif ferentiated  smootn  muscle  cells  in  cul- 
ture. If  one  examines  them  during  the  very  early  stages  of  growth 
(Wight,  who  works  in  our  laboratory,  has  done  this  with  smooth 
muscle  cells  from  the  pigeon;  one  can  see  that  smooth  muscle  cells 
from  the  monkey  already  contain  numerous  ayof ilanents.  There  3re 
areas  in  their  cytoplasm  that  don't  contain  filaments  and  as  the 
cells  go  through  logarithmic  growth,  fairly  rapid  changes  occur  in 
their  phenotypic  appearance.  It  takes  a couple  of  days  in  culture 

before  they  appear  like  fully  developed 
Modifiers  of  smooth  muscle.  We  wanted  co  begin  to 

Cell  Growth  look  at  factors  that  influence  the 

growth  of  these  cells  in  culture.  Tc 
do  this  we  modified  a system  that  Robert  Holley  has  been  using  in 
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F ffutt  35:  This  micrograph  demonstrates  a cross  sectional  view  of  a 6 week  culture  of  smooth 
muscle  celts.  The  bottommost  ceil  rests  on  a carbon  film.  Between  three  of  the  levers  of  cells, 
microfibrils  similar  in  appearance  to  elastic  fiber  microfilmls  can  be  seen  Material  reminiscent  of 
basement  membrane  (arrows)  is  also  v.sible  around  many  of  the  cells.  Mag  * 18,000 
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his  laboratory  at  the  Salk  Institute.  In  essence  what  he  did  was 
to  take  fibroblasts  in  culture  and  put  them  In  a medium  that  pro- 
vided minimal  growth.  After  the  cells  had  reached  stationary  phase 
after  minimal  growth,  he  examined  the  effects  of  adding  various 
serum  factors,  to  test  the  potential  proliferative  properties  of 
these  factors  in  the  cultures. 

In  the  design  of  our  itudies,  the  cells  are  placed  in  a parti- 
cular medium  containing  IZ  pooled  primate  serum.  They  are  then 
grown  to  stationary  phase.  At  this  point,  if  one  finds  a proper 
additive  the  cells  will  return  to  logarithmic  growth.  This  is  a 
very  sensitive  method  to  monitor  the  effects  of  the  addition  of 
various  substances  or  factors  which  may  eventually  lead  us,  we  hope, 
to  the  development  of  a defined  medium.  In  the  case  of  primate 
smooth  muscle  cells  we  begin  with  approximately  103  cells  in  a 35  mm 
petri  dish.  The  cells  are  grown  in  medium  containing  1Z  pooled 
homologous  monkey  serum.  One  usually  observes  a drop  In  cell  num- 
ber in  the  first  24  hours,  due  to  plating  efficiency.  Then  they 
grow  logarithmically  for  from  two  to  four  days  and  then  become 
essentially  stationary. 

Ac  this  point,  we  set  up  a growth  experiment  with  perhaps  u 
hundred  dishes.  Each  dish  will  contain  an  essentially  identical 
number  of  cells  (±  5Z)  to  which  the  various  factors  to  be  tested 
can  be  added.  Proper  Instruments  to  plate  out  the  cells  permit  this 
accuracy. 

One  of  four  groups  of  cells  were  grown  in  zero  per  cent  serum 
for  the  entire  experiment.  Another  group  of  cells  were  grown  In 
102  serum  Initially.  Fig. 37  shows  that  they  grow  logarithmically 
quite  a while  before  they  become  stationary.  A third  group  of  cells 
gr^wn  In  4Z  serum  failed  to  reach  the  same  level  as  those  grown  In 
10Z  serum  when  they  became  stationary.  The  fourth  group  was  grown 
In  IZ  serum  until  they  became  stationary. 

We  then  changed  the  medium  to  10Z  serum  and  at  that  point  the 
cells  took  off  again  (Fig. 37).  It  has  been  known  for  many  years 
that  there  are  many  factors  present  in  serum  that  are  stimulatory 
to  the  growth  of  these  cells,  or  if  you  wish  to  look  at  it  from 
another  view,  that  are  able  to  control  the  growth  of  cells. 

One  of  the  things  we  have  done  was  to  fractionate  serum  con- 
st 'tuents  In  a way  t hot  has  not  been  done  for  fibroblasts.  We 
separated  the  lipoproteins  by  differentially  floating  them  out  and 
then  fractionated  the  LDt  from  the  HDL  In  a potassium  bromide  grad- 
ient solution  to  a maximum,  density  of  1.25  grams  per  ml.  at  the 
bottom  of  this  tube  there  is  a non  lipoprotein  containing  fraction 
of  aerum  '■oust i tuents  that  contains  the  remaining  serum  proteins 
and  fatty  acids.  This  experiment  contained  two  control  groups, 
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Figure  37:  Replicenn  of  smooth  muscle  cells  in  tissue  culture  tn  verioos  concentrations  of  serum 
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zero  per  cent  serum  and  53!  serum  which  grows  logarithmically  for 
this  period  of  time. 


We  found,  interestingly  enough,  (Fig. 38)  that  a number  of 
serum  constituents  were  stimulatory  to  growth.  In  particular,  we 
found  that  when  we  added  low  density  lipoproteins  (on  a 5Z  choles- 
terol equivalent  basis)  together  with 
Effects  of  Lipoproteins  the  1.25  bottom  (on  the  same  basis)  that 
and  Scrum  Concentrations  we  obtain  growth  equivalent  to  that 

in  Medium  seen  in  5Z  whole  scrum.  In  contrast, 

high  density  lipoproteins  (HDI.)  were 
not  stimulatory  when  compared  with  LDL.  The  1.25  bottom  is  also 
stimulatory  but  again  not  to  the  same  degree  as  LDL.  10Z  LDL  has 
the  same  effect  as  5Z  LDL,  howevi  > albumin  will  not  act  aa  a carr- 
ier for  the  lipoprotein.  There  is  something  in  the  1.25  bottom 
that  we  derive  from  the  serum  that  is  important  and  it  is  not  albu- 
min. 


When  the  cells  are  grown  in  12  serum  they  are  very  large  and 
are  irregularly  shaped.  If  one  looks  at  these  cells  with  the 
electron  microscope  they  have  a fair  amount  of  rough  endoplasmic 
reticulum  and  a number  of  autophagic  vacules.  They  contain  a full 
complement  of  myofilaments  that  are  visible  if  one  sections  the 
cells  in  the  appropriate  plane. 


When  the  cells  are  grown  in  zero  per  cent  serum  they  appear 
similar  to  those  grown  in  IZ  serum  except  th  it  there  appears  to  be 
a perinuclear  halo  around  them  when  viewed  in  phase  optics.  When 
the  cells  are  grown  in  medium  containing  5Z  serum,  they  grow  in  the 
form  of  hills  and  valleys.  The  hills  may  contain  as  many  as  ten  or 
fifteen  cell  layers.  In  the  presence  of  5Z  serum,  the  cells  contain 
an  extensive  rough  endoplasmic  reticulum,  bundles  of  myofilaments, 
mitochondria  and  autophagic  vacules  or  secondary  lysosomes. 


When  the  cells  are  grown  in  5Z  LDL  plus  1.25  bottom,  they  con- 
tain lipid  droplets  of  which  we  saw  very  few  in  the  other  experi- 
ments. The  lipid  droplets  are  usually  associated  with  aggregates 
of  glycogen.  The  HDL  showed  one  marked  change  that  the  LDL  did  not 
show.  This  Is  the  presence  of  many  large  autophagic  vacules  and 
secondary  lysosomes  that  form  in  the  presence  of  HDL  that  we  have 
not  seen  to  the  same  extent  as  when  the  ceils  are  grown  in  the  pre- 
sence of  LDL.  This  Is  Interesting  and  may  be  potentially  important, 
because  in  long  term  studies  with  HDL  the  cells  begin  to  appear 
sick.  Even  though  it  appears  that  HDL  may  be  stimulatory  to  growth 
it  may  also  have  a secondary  effect  on  the  cells  that  is  deleter- 
ious. Interestingly  enough  there  arc  many  one  hundred  angstrom 
filaments  in  the  cells  that  we  do  not  believe  to  be  contractile. 

When  the  cells  are  grown  in  the  presence  of  1.25  bottom  alone  they 
contain  relatively  few  lipid  droplets  but  demonstrate  a fairly 
extensive  development  of  their  rough  endoplasmic  reticulum. 
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Figure  3t:  Response  of  arterial  smooth  muscle  to  serum  fractions.  Equal  numbers  (10&)  ol  smooth 
muscle  cells  were  added  to  a large  series  of  petri  dishes  and  incubated  in  a modified  Dulbeoxi  Vogt 
modification  of  Eagle's  mediu  « containing  1 percent  serum  (moled  from  revetal  Macaca 
nemestrina.  After  7 days  (urow).  the  dishes  were  separated  into  five  groups  to  lie  further 
incubated.  One  group  was  incubated  in  serum-free  medium.  The  remaining  yrouin  were  Incubated 
in  media  containing:  diaiy/ed  protein  of  density  greater  than  1.25  g/ml  from  the  equivalent  of  5 
percent  serum,  this  protein  fraction  contained  very  little  high  density  lipoprotein  (HDD  or  low 
density  lipoprotein  (LDL);  proteins  of  density  greater  than  1.2S  g/ml  plus  HDL  (154  nmole  of 
cholesterol  pet  milliliter  of  medium);  proteins  of  density  greater  than  1,25  g/ml  plus  LDL  (t&4 
nmole  per  milliliter  of  medium;  and  reconstituted  serum  containing  proteins  of  density  greater  than 
1.25  g/ml  (Hus  HDL  (77  nmole  of  HDL  cholesterol  per  milliliter  ol  medium)  plus  LDL  (77  nmole  of 
LUL  cholesterol  tier  milliliter  of  medium).  The  pooled  primate  serum  used  as  j source  of 
lipoprotein  in  these  experiments  contained  154  nmole  of  lipoprotein  in  5 percent  whole  serum. 
Th!)  experiment  demonstrates  that  both  serum  lipoprotein  ami  proteins  of  density  greater  than 
t.25  u/ml  stimulate  smooth  muscle  cell  proliferation  in  vitro  end  that  LOL  is  at  least  as  effective  as 
a combination  of  LDL  and  HDL.  Titus,  these  observations  support  the  concept  that  endothelial 
injury  in  vivo  could  promote  smooth  muscle  cell  proliferation  by  increasing  the  concentration  of 
plasma  proteins  in  the  extracellular  fluid  of  ttie  vessel  wall  ami  points  to  tin:  potential  importance 
of  plasma  LDL  in  this  response  Vertical  bars  represent  standard  error  of  the  mean. 
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Thus,  in  summary,  with  LDL  we  see  the  largest  accumulation  of 
lipid  droplets  and  glycogen,  together  with  small  numbers  of  auto- 
phagic vacules.  With  HDL  there  are  large  accumulations  of  auto- 
phagic vacules  and  secondary  lysosomes  and  relatively  little  lipid 
accumulation,  whereas  with  the  1.2S  bottom,  the  cells  do  not  look 
too  terribly  different  from  those  grown  in  the  presence  of  1Z  serum. 

Since  our  monkey  colony  is  limited  and 
Importance  of  Serum  the  number  of  monkeys  available  to  us 

Source  to  Crowth  for  bleeding  is  limited,  we  found  that 

we  could  only  tap  small  numbers  of  ani- 
mals for  the  poo.s  of  serum  we  needed  for  our  experiments.  Hence 
we  decided  to  become  modem  and  use  the  technique  of  plasmapheresis 
to  obtain  a larger  amount  of  serum.  When  we  made  serum  from  this 
monkey  plasma,  by  addition  of  calcium  by  dialysis  against  Ringer's 
solution  with  calcium  or  by  adding  calcium  back  directly  and  then 
grew  the  cells  in  plasma-derived  serum  versus  whole  blood  serum,  we 
saw  a number  of  interesting  results.  We  were  able  consistently  to 
observe  that  plasma-derived  serum  would  not  support  the  growth  of 
our  smooth  muscle  cells  to  the  extent  that  whole  blood  serum  would. 

Balk  at  Rockefeller  University  (20)  had  published  observations 
ctNCKiM  of  chicken  fibroblasts  grown  in  the  presence  of  chicken  serum  vs. 

chicken  plasms  derive!  serum.  In  these  studies  he  showed  that  the 
chicken  fibroblasts  vjuld  not  grow  in  plasma-derived  serum.  He  was 
more  Interested  in  che  role  of  calcium  in  his  plasma-serum  and  so 
he  emphasized  that  point  instead  of  the  fact  that  his  cells  did  not 
do  well  in  plasms  at  all.  But  if  one  examines  his  growth  curves  he 
observed  growth  differences  similar  to  those  observed  by  us. 

Repeatedly  and  characteristically  we  found  that  when  the  cells 
were  grown  In  the  presence  of  5Z  plasma  derived  serum  they  were 
Irregular  it.  shape  as  contrasted  with  their  appearance  in  5Z  whole 
blood  serum.  In  whole  blood  serum,  ns  Dr.  Burnstock  has  already 
described,  they  are  long  and  ribbon  or  spindle  shaped,  but  in  plasma 
serum  they  are  not. 

Since  plasma  serum  was  not  as  good  as  whole  blood  scrum  for 
growth,  wu  decided  to  try  and  determine  which  constituents  were 
Important.  So  we  performed  a mix-match  experiment  in  which  we 
mixed  low  density  lipoproteins  from  plasma  serum  witlt  carrier  pro- 
teins from  blood  serum  and  witlt  the  carrier  proteins  from  plasma 
serum  and  vice  versa  (Fig. 39).  It  did  not  matter  where  the  lipo- 
proteins were  from  as  long  as  the  carrier  protein  was  derived  from 
whole  blood  serum,  the  colls  grew  very  well.  When  the  carrier 
protein  was  derived  from  plasma  scrum  the  cells  did  not  prolifer- 
ate at  all.  And  as  It  turns  out  even  the  cells  in  the  1.25  bottom 
did  better  if  the  1.25  bottom  came  from  blood  scrum  rather  than 
the  plasma  serum. 
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Examining  the  potential  source  of  the  carrier  protein  derived 
from  hlood  serum  to  determine  what  was  absent  in  the  carrier  pro- 
tein from  plasma  serum  led  us  to  look 
Platelet  Factor  at  platelets.  We  decided  to  examine 

! platelets  because  of  a number  of  ether 

■ observations  that  were  seemingly  unrelated,  two  of  which  we  were 

able  tc  find  in  the  literature.  One  of  these  were  observations 
made  by  llirsch  (147)  of  the  Rockefeller  University  in  1960,  which 
he  published  in  the  Journal  of  Experimental  Medicine.  He  demon- 
I st rated  that  plasma  serum  lacked  a cytotoxic  factor  effective 

against  several  gram  positive  organisms  that  was  present  in  blood 
serum.  He  found  it  was  derived  from  platelets.  In  the  same  Jour- 
nal Wexler  et  al.  (415)  looked  at  factors  chemotactlc  for  cells 
that  were  absent  in  plasma  serum  but  present  in  blood  serum.  They 
demonstrated  that  this  factor  was  also  platelet  derived. 

We  took  the  plasma  and  recombined  the  platelets  (on  a quanti- 
tative basis  equivalent  to  the  number  of  platelets  that  would  have 
been  present  in  5 2 serum)  together  with  calcium  to  pull  down  the 
fibrinogen  and  produced  a platelet  rich  plasma  serum.  We  then  ex- 
posed the  cells  to  several  different  media,  all  derived  from  the 
same  pool  of  blood.  These  included  52  Hood  serum  and  2ero  per 
cent  serum  as  our  two  controls.  The  experimental  groups  consisted 
of  (1)  52  platelet  free  plasma  serum  which  waB  recalcified  by  dia- 
lysis against  Ringer's  with  appropriate  calcium,  and  (2)  52  plate- 
let rich  plasma  serum,  as  noted  above.  Under  these  circumstances, 
in  the  presence  of  52  platelet-rich  plasma  serum  the  cells  grew 
logarithmically  la  a fashion  similar  to  that  seen  with  52  blood 
serum.  Most  exciting  of  all,  we  were  able  to  completely  restore 
the  proliferative  activity  of  plasma  serum  by  having  platelets  pre- 
sent at  the  time  we  made  the  serum  (Fig. 40). 

We  then  asked  whether  the  proliferative  activity  was  due  to 
the  platelet  release  phenomenon.  We  took  an  equivalent  number  of 
platelets  present  In  52  serum  and  combined  them  with  purified 
thromhin  obtained  from  a colleague.  Dr.  Earl  Davie,  thereby  aggre- 
gating the  platelets  so  that  they  would  release  their  granule  con- 
stituents. We  then  spun  down  the  platelets  at  high  speed  and,  on 
a quantitative  basis,  added  the  supernatant  back  to  the  plasma 
serum.  This  permitted  us  to  ask  whether  the  proliferative  cofact- 
or(»)  was  present  in  the  platelet  granules  or  not.  We  were  able 
to  restore  approximately  seventy  per  cent  of  the  proliferative 
activity  to  plasma  serum  by  adding  supernatant  derived  from  the 
platelet  release  reaction. 

We  are  excited  about  these  observations  from  several  points 
of  view.  One  Is  the  obvious  relation  to  atherosclerosis.  It  is 
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conceivable  that  In  the  genesis  of  this  lesion  that  if  there  is  endo- 
thelial injury  and  if  platelets  adhere  to  Bites  of  injury  and  locally 
interact  with  vessel  wall  constituents  they  may  potentially  be  able 
to  release  their  fuctars  locally  at  the  site  of  injury  which  could 
then  interact  with  plasma  constituents  such  as  LDL  causing  the  smooth 
muscle  cells  to  proliferate. 

Second,  there  may  be  a fundamental  biological  principle.  It 
is  clear  from  numerous  experiments  in  many  laboratories  that  lveet- 
lgators  have  been  looking  for  serum  factors  responsible  for  cell 
proliferation  in  culture.  If  we  can  reproduce  the  uctivity  of  whole 
serum  with  low  density  lipoproteins  and  a given  platelet  factor  that 
we  can  Isolate  and  identify,  then  we  will  be  on  the  verge  of  under- 
standing not  only  the  factors  that  control  proliferation  of  these 
cells  in  culture  but  we  will  be  able  to  control  this  growth  in  known 
ways.  We  think  this  reaction  is  probably  not  too  different  from  the 
response  one  sees  in  a healing  wound.  In  this  situation,  many  differ- 
erent  serum  constituents  are  released  into  the  wound  followed  by  pro- 
liferation of  fibroblasts.  These  factors  we  have  been  examining  may 
also  be  responsible  for  not  only  the  proliferation  of  these  cells, 
but  for  their  migratory  activity  as  well.  We  hope  to  eventually 
develop  a defined  medium  in  which  wc  can  grow  the  cells  so  that  we 
can  begin  to  examine  some  of  their  other  properties  in  culture. 

DK.  ROBERTSON:  I would  like  to  make  a short  comment  on  Dr. 

Ross's  statement  that  platelets  are  required  for  the  growth  of  endo- 
thelial cells  in  culture.  In  fact,  it  is  possible  to  culture  endo- 
thelial cells  without  adding  platelets. 
Platelet  Factors  ns  We  have  been  able  to  grow  smooth  uuscle 

Growth  Stimulators  cells  without  adding  platelets.  1 wonder 

of  Smooth  Muscle  if  he  has  done  any  studies  regarding 

growth  factors  in  platelets.  Could  sero- 
tonin be  one  of  the  factors?  Furthermore,  is  it  possible  that  other 
factors  like  histamine > or  any  of  the  hormones  that  platelets  are 
able  to  carry  so  wel!  may  be  indispensable  for  the  survival  of  these 
smooth  muscle  cells  in  culture? 

DR.  ROSS:  Have  I missed  something  in  the  literature  you  pub- 

lished in  relation  to  platelets,  beenusj  I don't  remember  that?  At 
any  rate,  to  answer  your  question,  initial  experiments  suggest  that 
our  platelet  factors  are  not  dialysable,  and  this  would  remove  from 
consideration  a 5-hydroxytryptamlne  as  well  ns  histamine  ns  being 
the  factor  that  we  are  studying.  This  does  not  rule  out  the  possi- 
bility that  either  one  of  these  substances  may  be  important  in  pro- 
liferative response  but  they  are  not  the  key  to  the  in  vitro  growth 
response.  It  appears  to  be  a protein,  or  proteins,  of  reasonably 
high  molecular  weight.  We  are  now  attempting  chromatographic  sepnr- 
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ation  and  purification.  May  I also  clarify  ay  reference  to  "plasma 
•erua".  What  I mean  is  recalcified  plasma.  It  is  serum  derived 
from  plasma  Instead  of  the  serum  ordinarily  derived  from  whole  blood. 

OR.  DAOUD:  In  the  arteriosclerotic  lesion  we  usually  find  in 

addition  to  smooth  muscle  cells  some  cells  which  are  much  less  dif- 
ferentiated. Some  of  them  look  like  fibroblasts,  some  look  like 
primitive  cells.  I wonder  if  the  speakers  can  talk  about  the  origins 
of  these  cells,  whether  they  derive  from  smooth  muscle  cells  or  have 
some  other  origin.  In  our  system  which  is  a bit  different  from  Dr. 
Ross's  system,  we  start  with  mature  smooth  muscle  cells.  About  four 
days  after  labelling  a culture,  an  electron  microscopic  autoradio- 
graph shows  the  labelled  cells  and  also  shows  that  the  majority  of 
these  cells  synthesize  DMA  and  are  of  the  type  listed  as  differenti- 
ated. At  about  four  days  of  growth  the  majority  of  cells  have  no 
filaments  and  some  of  them  look  like  fibroblasts.  Later  on  these 
cells  have  trearendous  amounts  of  endoplasmic  reticulum  and  some  of 
them  have  partial  basal  membrane.  About  two  weeks  later  you  start 
to  see  the  filaments  and  by  the  end  of  the  study  the  cells  have 
quite  a bit  of  myofilament.  Would  anyone  care  to  cosswnt  about  the 
origin  of  these  immature  cells? 


Differentiation  and 
Dedifferentiation  of 
Cells  in  Culture. 
Trophic  Effects  of 
Nerves 


DR.  BURNSTOCK:  We  have  been  looking  very  carefully  at  the 

structure  and  function  of  cultured  smooth 
Differentiation  and  muscle  over  several  years  now  and  have 

Dedifferentiation  of  come  to  the  conclusion  that  first  of  all 

Cells  in  Culture.  it  matters  a great  deal  whether  you  are 

Trophic  Effects  of  using  undifferentiated  cells  or  differ- 

Nerves  entlated  cells  in  your  experiments. 

The  first  thing  that  enzymatically- 
separated  undifferentiated  muscle  cells  do  in  culture  is  to  divide; 
then  they  go  on  dividing  until  they  form  a confluence.  They  are 
then  able  to  differentiate;  they  then  begin  to  form  muscle  effector 
bundles  with  nexuses  between  them.  In  differentiating  cells  there 
are  extreme  areas  with  granular  endoplasmic  reticulum,  while  in  de- 
differentiating cells,  there  arc  often  many  lysosomes,  clumping  of 
myofilaments. 

Now  if  you  grow  differentiated  cells  In  culture  the  first  thing 
they  do  If-  ded; fferent late.  Sometimes  it  takes  eleven  days  or  more, 
depending  on  the  system.  Once  they  dedifferentiate  then  they  divide 
and  then  they  go  through  the  whole  sequence  ef  events  described 
earlier  for  undifferentiated  cells.  We  think  that  we  have  evidence 
that  this  Is  the  pattern  that  goes  on  during  normal  devriopment, 
in  wound-healing  and  in  transplants. 

Incidentally,  it  is  very  fascinating  that  if  you  grow  these 
cultures  with  nerves,  the  nerves  delay  the  dedifferentiation  pro- 
cess, while  at  a later  stage  they  accelerate  the  formation  cf  muscle- 
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bundles  and  nexuses.  I think  that  these  findings  aean  that  one  has 
to  take  into  consideration  the  influence  of  nerves  on  saiooth  muscle 
aorphogenesis. 

DR.  ROSS:  1 think  one  has  to  be  very  cautious  in  using  terns 

like  "modulation"  and  "differentiation"  or  using  criteria  like 
rough  endoplasmic  reticulum  as  a sign  of  differentiation.  Most 
cells,  given  the  proper  opportunity  and  the  environment,  can  do 
most  things.  I think  that  what  we  are  really  talking  about  are 
phenotypic  characteristics  that  have  been  described  and  physio- 
logic characteristics  that  are  well  known.  What  we  have  to  try  to 
do  is  to  relate  these  to  what  we  see.  It  is  also  Important  to 
emphasize  that  a cell  culture  system  and  an  explant  system  are 
totally  different  and  really  cannot  be  compared. 

DR.  A.  P.  SOMLYO:  The  Seattle  group  have  shown  that  in  media 

of  the  mature  pigeon  aorta  there  are  two  kinds  of  cells.  In  mammals,  simsow 
however,  there  are  only  smooth  muscle  cells.  Do  you  recognize  two 
major  cell  types  in  culture,  or  do  we  still  have  to  do  the  experi- 
ments? 
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DR.  ROSS:  All  avian  arteries  have  two  cell  types,  fibroblasts 

and  smooth  muscle  cells.  Mammalian  systems  only  have  smooth  muscle 
cells  in  the  media.  P.endltt  and  his  group  have  demonstrated  that 
point  in  the  chicken.  Wight  studied  the  development  of  avtan  arter-  smo 
lal  cells  in  culture  and  demonstrated  both  fibroblasts  and  smooth 
muscle  cells.  That  is  why  one  has  to  be  cautious  in  using  avian 
systems  because  they  clearly  are  different  from  the  mammalian. 
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Chapter  2 

METABOLIC  CHARACTERISTICS  OF  SMOOTH  MUSCLE  INCLUDING  SYNTHETIC 
AND  SECRETORY  FUNCTIONS  AND  THE  CHEMISTRY  OF  CONTRACTION 

LIPID  METABOLISM  OF  THE  ARTERIAL  SMOOTH  MUSCLE  CELLS 
Dr.  Yechezkel  Stein  and  C . Olga  Stein 


I would  like  to  confine  my  talk  to  certain  aspects  of  lipid 
metabolism  and  shall  try  to  emphasize  the  correlation  of  structure 
and  function.  The  subject  of  lipid  metabolism  will  be  supplemented 
further  by  Drs.  Adams.  Bowyer,  Day.  Zenplenyi,  Kritchevsky  and 
others.  Other  subjects,  such  as  synthesis  and  secretion  of  colla- 
gen and  elastir.,  will  be  covered  by  Drs.  Ross  and  Robert,  and  Dr. 
Ruegg  will  tell  us  about  the  contractile  protein  of  the  smooth 
muscle  cells. 

Table  II  lists  a number  of  approaches  that  have  been  utilized 
in  the  investigation  of  lipid  metabolise  of  arterial  smooth  muscle 
cell.  Studies  have  been  made  on  the  whole  artery  in  vivo,  on  an 
isolated  perfused  artery  and  on  preparations  of  tissue  slices  and 
homogenates  as  well  as  isolated  Intact  cells  and  smooth  muscle 
cells  In  culture. 

An  enormous  bodv  of  results  has  accumulated  from  these  studies, 
but  It  Is  still  very  difficult  to  bring  these  data  to  a common 
denominator.  To  give  a few  examples: 

1.  The  intact  artery  in  vivo  is  subjected  to  control 
by  hormones,  n*'»irotransaitters.  mechanical  factors, 
etc.,  which  are  lacking  in  all  the  other  approaches. 

2.  The  intact  artary.  slues  or  homogenates  contain 
not  only  smooth  muscle  cells,  but  also  endothelium 
end  extracellular  material. 

J.  Isolated  cells  arc  mostly  devoid  of  extracel lular 
components-  and  are  thereby  altered  by  treatment 
with  proteolytic  enzymes. 


Cells  In  culture,  derived  from  adult  arteries 
undergo  changes  when  released  from  normal  Inhib- 
itory constraints  and  thus  certain  processes  not 
expressed  In  the  whole  animal  might  become  jrosi- 
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TABU  II 


LIPtO  METABOLISM  OF  ARTEK1AL  SMOOTH  MUSCLE  CELLS 
HAS  BEEN  STUDIED  IS 


1.  THE  WHOLE  ARTERY  IS  VIVO 

2.  KOI.  AT  ED  PERFUSED  ARTERY 
TISSUE  SLICES  AND  HOMOGENATES 

i.  ISOLATED  SMC 
5.  PURE  CULTURES  OF  SMC 


TABLE  HI 

Incorporation  of  Acetate-1-*4C  into  Long-Chain 
Fatty  Acids  by  Cellular  Fractions  f roo  No rail 
Rabbit  Aorta 


I (jetton 


'rworpcrjlion 


Mitochondria 
StirriMomes 
Supernatant  fraction 
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1 shall  try  to  cover  two  main  aspects  of  lipid  metabolism, 
i.  e. , synthesis  and  degradation  and  shall  attempt  to  compare  results 
obtained  by  the  different  approaches. 

Almost  a quarter  of  a century  has  already  passed  from  the 
time  when  Chernick  et  al  (641  first  demonstrated  the  incorporation 
of  labeled  acetate  into  fatty  acids  in  a homogenate  of  rat  aorta. 

It  took  many  more  years  and  much  refine- 
Lipid  Synthesis  ment  of  techniques  to  analyze  more 

by  Arterial  Tissue  closely  the  meaning  of  this  finding. 

The  r>axn  question  centered  around  the 
problems!  is  the  entire  fatty  acid  synthesized  de  novo  or  is 
acetate  used  only  or  mainly  for  chain  elongation  of  pre-existing 
fatty  acids?  At  first  it  seemed  that  controversial  data  were 
obtained,  but  later  some  of  the  differences  were  resolved  by  being 
attributable  to  differences  in  methodology.  Thus  Whereat  (420) 
has  shown  that  in  mitochondria  isolated  from  rabbit  aortic  homo- 
genates the  main  reaction  is  that  of  chain  elongation  (Table  111). 
However,  de  novo  synthesis  through  the  malonyl  CoA  pathway  has 
been  demonstrated  in  the  high  speed  supernatant  of  squirrel  monkey 
aortic  homogenates  by  Howard  (152).  Using  perfused  pigeon  aorta 
St,  Clair  et  al  (376)  were  able  to  show  that  in  the  intact  aortic 
tissue,  palmitic  acid  can  be  derived  from  de  novo  synthesis  while 
stearic  and  oleic  acids  were  derived  primarily  by  chain  elongation 
and  desaturation. 

1 would  like  tc  turn  next  to  the  synthesis  of  complex  lipids 
and  remind  all  of  us  of  the  pioneering  work  in  this  field  done  by 
Zilversmit  (431,  432)  who  was  the  first  to  demonstrate  synthesis 
of  phospholipids  in  the  intact  aortic  wall  in  vivo  using  32P  as 
substrate.  Later  on,  segments  of  both  normal  and  atherosclerotic 
aortae  were  shown  to  utilize  labeled  acetate,  32P  and  choline  for 
phospholipid  synthesis  (236).  I shall  avoid  any  further  mention 
of  atherosclerosis,  in  accordance  with  Lne  directives  received 
from  the  Chairman  to  refrain  from  atherosclerosis  and  to  remain 
within  the  realm  of  the  metabolic  function  of  the  normal  smooth 
muscle  cell. 


The  study  of  complex  lipid  formation  in  aortae  of  various 
species  has  been  a very  fruitful  one,  as  evidenced  by  the  vast 

body  of  information  from  which  1 would 
Capacity  of  Arterial  like  to  draw  just  a few  examples.  One 

Smooth  Muscle  Cells  question  asked  was  what  kind  of  com- 

to  Synthesize  Lipid  plex  lipid  is  synthesized  predominantly 

by  the  norntal  aortic  smooth  muscle  cell 
when  fatty  acids  are  presented  in  the  form  of  a fatty  acid-albumin 
complex  at  physiological  concentration.  Studies  with  aortic  slices 
from  different  manuals  have  shown  that  the  main  lipid  class  syn- 
thesized from  fatty  acid  are  phospholipids  (Table  IV).  However, 
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TABLE  tV 

Fetty  »cid  incorporated  into  lipids  of  aortic  sheen  of  rabbits,  dogs,  rats  and  baboons 


Sp  rties 

Fatty  acid  incorporated 
(mnmoles/100  mg  dry.  defatted  tissue) 

Neutral  lipids 

Phospholipids 

Mean  t S.  E. 

Rabbit  (5) 

14.6  ± 5.0 

51 .9  4 8.4 

Dog  (5) 

12.4  ± 4.3 

17.4  ± 2.9 

Rat  (4) 

15.1  t 2.8 

20.4  ± 3.8 

Baboon  (2) 

5 7 

11.1 

Stein  and  Stein.  1962.  J.  Atheroacl.  Res. . 2:400 

TABLE  V 

INCORPORATION  OF  1-HC  UNOLE1C  ACID  INTO  NEUTRAL  LIPID 

FRACTIONS 

OF  AORTIC  SLICES 

SPECIES 

FATTY  ACID 
INCORPORATED 

DISTRIBUTION  < F RADIOACTIVITY  % 

INTO  NEUTRAL 
LIPIDS 

n MOLES  loo  me 
DR^  WT 

CHO  LESTEROI  TRIGLYCERIDE  D1C.LYCERIDE 
ESTER 

RABBIT 

14.  6 

10  7- 

12 

RAT 

15  l 

4 *>7 

«♦ 

IK  *0 

12  4 

2 94 

4 

BABOON 

5.  5 

3 91 

A 

ADAPTED  FROM  STEIN  S STEIN  1962 
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fatty  acid  is  incorporated  also  into  triglyceride  and  to  a small 
extent  into  cholesterol  ester  (385)  (Table  V).  It  seems  of  in- 
terest to  try  to  compare  the  contribution  of  fatty  acid  derived 
from  de  novo  synthesis  to  that  supplied  in  the  form  of  preformed 
fatty  acids  towards  complex  lipid  synthesis.  Howard  (152)  has 
made  some  calculations  using  his  data  on  acetate  incorporation 
into  fatty  acids  and  our  data  on  fatty  acid  incorporation  into 
aortic  slices  and  has  come  to  the  conclusion  that  about  a half 
to  one-fifth  of  the  fatty  acid  used  for  esterification  could  be 
derived  from  de  novo  synthesis.  His  calculations  were  derived 
from  the  contribution  of  each  subce.llular  fraction,  which  has 
been  incubated  at  optimal  concentrations  of  acetate  and  other 
co-factors  and  extrapolated  to  the  whole  tissue.  However,  in  the 
study  of  St.  Clair  et  al  (376)  in  which  acetate  was  added  during 
perfusion  of  an  intact  pigeon  aorta  - the  rate  of  incorporation 
seems  to  be  one-fifth  to  one-tenth  of  that  obtained  by  Howard 
(152)  in  isolated  subcellular  fractions.  I bring  up  this  point 
to  further  illustrate  the  problems  created  by  the  different 
methodologies.  Even  though  open  to  criticism,  study  of  enzymic 
pathways  is  still  best  accomplished  in  cell  frr.-e  preparations. 
Phospholipid  and  neutral  lipid  formation  was  shown  to  proceed 
through  the  ft-glycerophosphate  pathway  (Table  VI).  The  possibility 
that  an  alternative  pathway  of  phospholipid  synthesis  may  be 
operative  in  the  aortic  tissue  was  first  considered  on  the  basis 
of  results  obtained  with  aortic  slices  (3S5).  In  the  absence  of 
glucose,  dog  aortic  slices  incorporated  only  minimal  amounts  of 
(l-^Cf-linoleic  acid  into  neutral  lipids,  whereas  the  phospho- 
lipids became  labeled  quite  extensively.  With  the  use  of  homo- 
genates it  was  tound  that  a-glycerophosphate  was  indispensable  for 
triglyceride  but  not  for  phospholipid  synthesis.  Since  most  of 
the  labeled  phospholipid  formed,  in  the  absence  of  added  precursor, 
was  lecithin,  it  was  suspected  that  endogenous  lysolecithin  night 
serve  as  precursor.  Indeed,  when  lysolecithin  was  used  as  acceptor 
instead  of  a-glycerophosphate  labeled  fatty  acid  became  incorporated 
into  lecithin  by  an  acylation  reaction,  which  was  AT?  and  CoA 
dependent  (Table  VII).  The  presence  of  this  pathway  in  an  intact 
dog  carotid  artery  could  be  further  confirmed  using  labeled  lyso- 
lecithin as  substrate  (88).  Another  precutsor  of  phospholipids, 
which  labels  lecithin  predominantly,  is  choline.  Owing  to  the 
very  high  specific  activity  of  this  precursor,  it  became  possible 
to  localize  the  site  of  phospholipid  synthesis  to  aor.ic  snooth 
muscle  cells,  using  radioautography  at  light  and  electron  siicro- 
scope  level  (379). 

Another  controversial  problem  in  the  study  of  lipid  metabolism 
in  the  aorta  was  the  question  of  cholesterol  synthesis.  Siper- 

stein  et  al  (344)  were  among  the  first 
Aortic  Synthesis  to  demonstrate  that  in  the  rabbit  and 

of  Cholesterol  chicken  aorta  labeled  acetate  is  incor- 
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TABLE  VI 

Incorporation  of  t-*4C]  linoleic  acid  into  lipids  of  aortic  homogenates  with  o-clyceropho«phate 

as  fatty  acid  acceptor 


Conditions  of 
incubation 


Fatty  acid  incorporated  Uuimolrs/mg  protein; 


Neutral  lipids  Phospholipids  Neutral  lipids  Phospholipids 


Complete  system 

soo 

900 

550 

1200 

ATF  omitted 

30 

130 

10 

HO 

Co  A .icd 

40 

220 

10 

130 

* 

Stein  et  al.,  Biochim  Biophys.  Acta.  1 052.  <0.  21. 


TABLE  VII 


Incorjioration  of  (I-1  ’C)  Iinoleir  arid  into  lipids  of  aortir  botr  iRrnates.  with  Ivsolei  nhm 

as  fatty  a<  id  a<  crptor 


Conditions  of 
ir  uhation 


Fattv  and  incorporated  Cuarniolrs/mit  proteml 
f>oc  Rap  tut 


Neutral  hptd* 

phospholipids 

Neutral  lipids 

Phospholipids 

Complete  system 

with  lysolecithm 

40 

3000 

20 

4700 

ATP  omitted 

10 

2,30 

10 

300 

CoA  ormttrd 

30 

470 

If 

ti30 
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Bpflee 


Sphingomyelin 
MR  P/mR  DNA 


Sphingomyelin  hydrolysed 
pmoles/mg  DNA/hr 


I month 

4.3*.  0.3 

16-24  month* 

131:0.6 

1 month 

t.  9 70.  5 

Its  -24  month* 

2b.  9 71.4 

0-19  years 

i2.sri.tt 

70  - 97  years 

«2.7rr.3 

0.  a j : o.  04 
0.  41  -0. 03 

0.09*0.01 
o.  is: o.o3 

0.  13  : 0.01 
0.05*0.01 


* Dog  aorta 

o Rabbit  aorta 
o Guinea  pig  aorta 

• Human  aorta 

o Umbilical  artery 


Figure  41:  Hydrolysis  of  Sphingomyelin  with  time  of  incubttkx’.  From  Fledimilewitt  ft  *1  1967. 
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porated  Into  digitonine  prec.tpi  table  material  <.-hich  at  that  time 
was  taken  as  evidence  for  cholesterol  synthesis.  However,  Schwenk 
and  Werthessen  (337)  shewed  tha::  further  purification  of  the  digi- 
tonine  preclpitable  labeled  material  through  a dibroaidc  step 
resulted  in  the  loss  of  most  of  the  radioactivity.  They  coined  a 
term  of  the  "high  counting  companions"  of  cholesterol  which  were 
further  analyzed  by  St.  Clair  et  al  (377)  in  perfused  arteries 
using  xaevalonate  as  substrate.  They  were  able  to  show  that 
the  labeled  pea*  which  comigrated  with  authentic  cholesterol  on 
alumina  columns  contained  only  a small  fraction  of  labeled  material 
which  comigrated  with  authentic  cholesterol  on  florisil  columns. 

In  addition,  when  the  so-  called  "cholesterol"  peak  from  the  alumina 
column  was  subjected  to  bromination  only  1 . 6%  of  the  label  was 
recovered  as  the  dibromide,  i.e.  authentic  cholesterol.  These 
findings  seem  to  indicate  that  the  synthetic  capacity  of  the  normal 
aortic  smooth  muscle  cell  for  cholesterol  is  at  best  quite  low. 

The  smooth  muscle  cells  of  the  aorta  do  not  have  a fixed  lipid 
composition  throughout  their  life  span  and  I would  like  to  focus 
briefly  on  those  changes  which  occur  in  the  normal  aot’tic  cells 

with  age.  One  such  change  is  the  rise 
Changes  in  Smooth  of  PL/DNA  ratio,  which  is  quite  steep 

Muscxe  Membranes  early  in  life  and  continues  fit  different 

mt  with  Age  rates  in  various  species.  In  the  rat, 

Mrr  rabbit  and  in  the  human  this  increase 

mm  of  . ellular  phospholipid  is  accounted  for  to  a great  extent  by 
the  increase  in  sphingoayelin  and  by  a less  prominent  increase 
in  lecithin.  During  that  tine  there  is  al;<o  a rise  in  cellular 
cholesterol.  Since  phospholipids  and  cholesterol  are  components 
of  cellular  me**brane>j,  these  biochemical  changes  have  also  their 
ultrastruc tural  counterpart.  In  cells  derived  from  4 week  o’d 
rats  the  rough  endoplasmic  retie, lum  is  quite  prominent,  while 
the  outer  contour  of  the  cell  is  still  quite  smooth.  The  opposite 
is  true  in  cells  aerived  from  one  year  old  rats  in  which  little 
rough  endoplasmic  reticulum  remain*,  and  the  plasma  membtane  is 
very  prominent.  This  change  in  neabrane  population  is  expressed 
in  an  enrichment  in  plasma  meab.-^ae  relative  to  endoplasmic  reti- 
culum. The  rise  in  S'-nucleotidase  activity  indicates  also  chat 
an  absolute  ir  use  in  plasma  membrane  had  occurred  (380). 

During  the  elucidation  of  the  enzymic  pathways  active  in.  syn- 
thesis of  phospholipids,  we  have  noted  that  addition  of  lecithin 

to  aortic  homogenates  stimulated  greatly 
tnzyaes  in  Phospho-  the  incorporation  of  lirtoleic  acid  into 

lipid  Synthesis  phospholipids  (386).  Since  this  stimu- 

lation was  ATP  and  CoA  dependent  it 
became  evident  that  the  active  acceptor  must  be  lysolecichin, 
formed  by  hydrolysis  of  lecithin.  This  reaction  occurred  at  pH 
7.4,  a finding  which  indicated  that  the  phospholipase  involved 


- ^ V #k- 


i 


II 


META80LIC  CHARACTERISTICS  Of  SMOOTH  MUSCLE 


Jat  III  iwr  ~ ' f 


8? 


does  not  belong  to  the  lysosomal  family.  Subsequently,  Pateiski 
et  al  (249)  showed  that  fatty  acids  are  liberated  after  incubation 
of  pig  aortic  extracts  with  lecithin.  Tne  enzyme  activity  in  this 
process  was  assumed  to  be  a phospholipase  A on  the  basis  of  a 
relative  thermostability,  though  it  was  innihited  by  Ca~+  and  had 
a narrow  pH  optimum  at  8.0.  in  our  studies,  the  phospholipase 
activity  of  the  arterial  homogenates  was  stimulated  oy  Ca^+  and 
sodium  de-^xycholate.  The  pH  optimum  (7.9  - 8.6)  of  the  arterial 
enzyme  coincided  with  that  described  for  pancreatic  phospholipase 
A.  The  enzymic  preparation  was  found  to  release  preferentially 
the  fatty  acid  from,  the  2 position  of  lecithin  and  hence  the 
arterial  enzyme  coulo  be  designated  as  a phospholipase  A-,  (249). 

The  arterial  enzyme  did  ale"  hydrolyze  phosphatldylethanolaoine 
to  lysophosphatidylethanolamine  and  fatty  acid  in  analogy  to  the 
phospholipase  A fro®  pancreas  and  liver.  The  other  enzymic  Activity 
investigated  was  that  of  lysolecithinase,  which  was  demonstrated 
in  the  arterial  homogenates  when  sodium  deoxycholate  was  emitted 
from  the  incubation  mixture.  The  pretence  of  sphingomyelin  cho- 
linephosphohydroiase  activity  was  established  in  he  genates  of 
aortae  of  rats,  rabbits,  dogs,  guinea  pigs  and  of  human  umbilical 
arteries  (266).  "Tie  pro'ucts  of  hydrolysis  were  identified  as 
ceramide  and  phosphury1- choline.  The  enzymic  activity  was  found 
to  be  dependent  on  the  presence  of  Triton,  had  a pH  optimum  of  5.1 
and  remained  in  the  supernatant  of  homogenates  prepared  in  0.4X 
Triton  even  after  centrifuy.ar  on  fot  1 h at  100,000  xg.  The 
arteriai  enzyme  hydrolyzed  both  endogenous  and  exogenous  sphingo- 
myelin to  the  sario  extent.  The  species  investigated  varied  in 
the  sphingomyelin  cholinephosphohydrolase  activity  of  their  arteries 
(relative  to  the  DSA  content)  in  the  ascending  order:  rabbit  > 

guinea  pig  > dog  > human  umbilical  artery  > rat  (Fig. 41).  In  con- 
tradistinction to  the  ether  phospholipases,  the  sphingomyelinase 
seems  to  be  a lysosomal  enzyme  and  I ohall  discuss  later  the  sig- 
nificance of  the  different  localizations  of  these  enzyme^  in  the 
overall  metabolism  cf  membrane  phospholipids.  I allow  myself  to 
dwell  somewhat  longer  on  the  subject  of  aortic  phospholipases  and 
not  to  mention  the  other  lipid  hydrolases,  as  Drs.  Bowyer,  Day 
and  7.enplenyi  will  discuss  more  Lully  cholesterol  esterases  and 
lipases. 
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As  1 have  pointed  out  previously,  the  ph* ?>phoi ipiu  composition 
of  mammalian  aorta  undergoes  a change  with  age.  In  our  studies 
we  have  jeteralned  the  activity  of  various  phospholipases  as  re- 
lated to  the  cellular  content  of  the  artery  and  hence  we  nay  speak 
about  the  activity  of  phospholipases  in  aortic  smooth  muscle  cells. 
in  all  the  three  species  examined,  rats,  rabbits  and  humans  (Fig. 42), 
there  was  a marked  increase  n the  acti/ity  of  lccithinase,  while 
anbingnmyelinase  activity  either  did  not  "ange  or  even  diminished 
wi'-'i  age  (89).  Since  the  main  phospholipid  which  accumulates  in 
:h 4 ariety  with  age  is  sphingomyelin,  it  seems  <■>>'  interest  ro 
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correlate  the  activity  of  this  enzyme  as  determined  in  vitro  with 
the  sphingomyelin  which  accumulates  in  the  artery  with  age  (Table 
VIII).  The  data  suggest  ti>at  the  aortic  phospholipases  partici- 
pate in  the  regulation  of  phospholipid  composition  of  aortic  smooth 
muscle  cells,  as  the  activity  of  the  enzyme  was  inversely  propor- 
tional to  the  degree  of  sphingomyelin  accumulation. 

The  data  i have  just  discussed  were  obtained  fro.>  the  study 
of  the  smooth  muscle  cells  in  the  whole  artery  (composition)  or 

in  homogenates  (enzymic  activity)  and 
Phospholipid  Metabolism  so  suffer  from  the  drawback,  ft  each 
Studied  in  Arterial  respective  methodology  as  I Have  pointed 

Smooth  Muscle  Culture  out  in  the  introduction.  Therefore,  we 

have  tried  to  complement  some  of  these 
findings  with  a different  approach,  i.e.,  by  studying  the  smooth 
muscle  cellr  in  culture.  It  was  very  fortunate  that  Dr.  E.  Bierman 
decided  to  spend  his  sabbatical  leave  ir.  Jerusalem  and  has  brought 
with  him  all  the  know-how  concerning  the  culturing  of  aortic  smooth 
muscle  cells,  which  has  accumulated  ir.  the  labot atory  of  Dr.  Ross 
in  Seattle.  For  those  of  you  who  may  not  be  quite  familiar  with 
the  technique,  I would  like  to  describe  briefly  how  we  have  adapted 
the  method  of  Ross  (315)  tc  culture  smooth  muscle  cells  from  rat 
aorta  (Fig. 43).  The  aorta  is  removed  under  sterile  conditions, 
cleaned  from  extraneous  fat,  and  small  rings  are  cut  and  opened 
to  expose  the  luminal  surface.  Using  fine  tweezers,  the  intima 
and  the  inner  half  of  the  media  are  peeled  from  the  outer  portion 
and  the  strips  thus  obtained  are  cut  into  small  cubes  which  are 
placed  in  culture  flasks.  Ceils  being  to  grow  out  of  the  explants 
in  about  two  weeks  and  when  they  fill  the  flask  they  are  trypsinized 
and  seeded  into  another  ;lask.  When  they  reach  confluency  they  are 
trypsinized  again  and  plated  in  Petri  dishes,  where  they  reach  the 
stationary  phase  at  14-16  days  and  form  a confluent  multilayer.  In 
most  of  the  experiments  I shall  describe,  we  have  used  cells  ob- 
tained from  3 month  old  rats,  but  we  have  also  successfully  grown 
cells  from  a 17  month  old  rat  and  their  growth  characteristics 
were  similar  (Fig. 44).  The  morphology  of  the  aortic  cells  has 
been  examined  and  it  can  be  seen  that  they  grow  in  a multilayer 
and  following  longer  periods  of  culture  in  the  same  Petri  dish 
they  form  a structure  -esetabling  a wall  of  an  artery,  complete 
with  extracellular  material  (Fig. 45).  The  ultrastructural  charac- 
teristics of  the  cells,  such  as  an  abundance  of  myofilaments,  the 
presence  of  dense  bodies,  plasmalesnai  vesicles,  as  well  as  the 
fact  that  they  elaborate  extracellular  material  resembling  elastln, 
permit  us  to  classify  them  as  smooth  muscle  cells.  These  cells 
contain  variable  amounts  of  mitochondria,  secondary  lysosomes  and 
lipid  droplets  (Fig. 46).  Those  cells  which  had  been  in  the  culture 
dish  for  45  days  contained  less  rough  endoplasmic  reticulum  and 
had  a more  distorted  outer  contour  than  cells  cultured  for  14  days 
or  less. 
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We  have  used  these  cultured  cells  in  ord'.-r  to  study  the  meta- 
bolism of  phospholipids.  The  cells  take  up  labeled  glycerol  (Fig. 
47)  or  choline  (Fig. 48)  and  the  incorporation  of  these  precursors 
into  lipids  is  linear  with  time  for  at  least  6 hours.  In  order 
to  study  the  turnover  of  lecithin  and  sphingomyelin,  the  following 
experimental  design  was  used,  which  is  summarized  in  this  scheme 
(Fig. 49).  After  a 2 hour  pulse  with  labeled  glycerol  and  choline, 
the  medium  was  removed  and  the  cell  layer  was  washed  repeatedly. 

Both  the  wash  and  the  chase  were  carried  out  in  the  presence  of 
carrier  choline  and  glycerol  (3.3  nM)  in  order  to  minimize  reutili- 
zation of  the  precursors.  Following  exposure  to  both  glycerol  and 
choline,  the  specific  activity  of  lecithin  isolated  from  the  cells 
declined  at  quite  a similar  rate.  These  findings  provide  additional 
evidence  as  to  the  activity  of  phospholipases  in  the  intact  cell. 

In  addition,  the  rather  similar  fall  in  specific  activity  of  leci- 
thin labeled  with  choline  and  glycerol  indicates  that  the  turnover 
measured  is  of  the  entire  molecule.  These  findings  also  show  that 
bas'  exchange  does  not  -lave  a prominent  role  in  this  system.  Com- 
parison of  the  tW  of  glycerol  labeled  lecithin  in  culture  of  two 
ages  (14  and  45  days)  has  shown  a somewhat  slower  turnover  in  the 
younger  cultures,  suggesting  a higher  activity  o!  phospholipases 
in  the  older  cultures  (Fig. 50).  The  initial  amount  of  labeled 
sphingomyelin  was  too  low  to  permit  an  accurate  determination  of 
a change  in  specific  activity.  However,  one  can  obtain  an  indirect 
evidence  as  to  the  difference  in  turnover  rates  of  the  two  phos- 
pholipids by  comparing  the  Z distribution  of  label  among  the  phos- 
pholipids during  the  chase.  The  rise  in  the  per  cent  radioactivity 
in  sphingomyelin,  relative  to  lecithin  indicates  a slower  turnover 
of  the  first  (Table  IX).  The  presence  of  labeled  lysolecithin, 
after  exposure  of  the  cells  to  ^C-choline  Is  another  indication 
of  the  activity  of  phospholipase  A2  in  the  intact  cell.  If  one 
accepts  that  the  sphingomyelinase  is  a lysosomal  enzyme,  while 
the  phospholipase  A is  a non-lysosomal  "membrane  bound”  enzyme, 
then  one  might  envisage  that  the  latter  participates  In  the  turn- 
over of  membrane  molecules,  while  the  former  is  more  active  In  the 
degradation  of  the  membrane  proper,  which  is  a much  slower  process. 

These  cells  served  for  yet  another  type  of  investigation,  which 
chronologically  preceded  the  one  I just  mentioned,  namely  the  ques- 
tion of  metabolism  of  serum  lipoproteins.  The  transport  of  serum 
lipoproteins  in  the  aorta  will  be  discussed  in  another  session,  and 
I would  just  like  to  point  cut  that  evidence  has  accumulated  that 
aortic  smooth  muscle  ceils  do  come  in  contact  with  serum  lipopro- 
teins such  as  LDL  and  HDL  (381).  For  obvious  reasons,  it  is  quite 
difficult  to  study  uptake  and  metabolism  of  such  particles  in  the 
intact  animal,  and  in  the  perfused  aorta  long  term  studies  arc 
not  feasible.  The  smooth  muscle  cells  in  culture  present  a model 
system  to  investigate  these  problems. 
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H-Dlyctral 


4t:  Scheme  of  a putie  chate  experiment  with  choline  and  glycerol. 


Turnover  of  3H* Glycerol  labeled  lecrthm  in 
aortic  smooth  muscle  cells  14  or  45  days  in 
culture 
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TABLE  IX 

DISTRIBUTION  OF  LABEL  IK  PHOSPHOIJPIDS  OF  CULTURED  AORTIC 
SMOOTH  MUSCLE  CELLS.  PULSED  WITH  WC-CHOLINE  FOR  2 h 
AND  CHASED  FOR  24  - 9f>  h. 


PULSE 

CHASE 

LL 

SP 

LE 

PE 

h 

h 

^ OF  RADIOACTIVITY 

2 

0 

6.2 

6.  1 

Mi.  2 

0 

2 

24 

6.  9 

13.4 

79.  9 

0 

2 

48 

10,5 

2L1 

r.G.3 

0 

2 

Hf. 

15.4 

35.  1 

46.6 

0 

LL  * LYSOj  XCITHIN,  SP  - SPHINGOMYELIN,  LE  » LECITHIN. 
PE  - PHOSPHATIDYL-ETHANOLAMINE. 
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The  data  I will  now  present  were  obtained  in  collaboration 
with  Dr.  E.  Bierman  during  his  stay  in  Jerusalem.  The  two  lipo- 
protein classes  studied,  VLDL  and  HDL,  are  shown  here  in  a nega- 
tively stained  preparation  to  remind  you  of  the  size  difference 
between  them  (Fig. 51).  The  uptake  of  the  lipoproteins  was  studied 
in  the  manner  presented  here  in  a schematic  form  (Fig. 52).  Care 
was  taken  to  eliminate  adsorbed  label  by  ."epeated  washing  which 
was  quite  effective  in  order  to  measure  cellular  uptake.  Uith  the 
nelp  of  radioautography  it  was  possible  to  show  that  after  incuba- 
tion with  both  lipoproteins,  VLDL  and  HDL,  the  radioactivity  taken 
up  was  associated  with  the  cells  (Fig. 53).  The  persistence  of  the 
radioautographic  reaction  over  cells  which  had  undergone  trypsini- 
zation  (Fig. 54)  prior  to  fixation  and  embedding,  indicated  that 
interiorization  of  the  labeled  lipoproteins  had  occurred  (32). 


The  fate  of  the  ingested  lipoprotein  was  studied  in  pulse- 
chase  experiments  (Fig. 55)  with  and  without  replating,  using  HDL 
as  substrate.  During  incubation  with  imlabeled  medium  there  was 
release  of  TCA  precipitable  radioactivity  into  the  medium,  which 
occurred  also  following  trypsinization  after  pulse  labeling  and 
replating  of  the  cells  in  a new  culture  dish.  This  indicated  that 
a portion  of  the  lipoprotein  released  into  the  medium  could  have 
been  derived  from  particles  adsorbed  to  the  plasma  membrane,  and 
that  some  had  come  most  probably  from  lipoprotein  not  accessible 
to  trypsin  action.  A similar  phenomenon  was  described  also  by 
Schmidtke  and  Unanue  (331)  wno  studied  uptake  cf  iodinated  albumin 
by  macrophages.  The  aortic  smooth  muscle  cells,  which  had  been 
pulsed  for  24  hours  released  about  a third  of  rellular  label  into 
the  chase  medium,  of  which  75Z  were  TCA  precipitable. 


In  a series  of  experiments,  using  both  non-replated  and  replated 
cells,  it  was  found  that  less  than  10X  of  ingested  HDL  - protein  had 
been  catabolized  during  48  hours.  This  value  is  much  lower  than 
those  reported  for  the  catabolism  of  albumin,  hemoglobin  or  peroxi- 
dase (86,  87,  388)  by  cultured  macrophages  in  which  the  t*s  of  the 
ingested  molecules  was  about  20  - 30  hours.  The  low  rate  of  intra- 
cellular breakdown  of  HDL  - protein  is  reflected  also  by  the  ultra- 
structural  localization  of  the  label  in  the  aortic  cells.  Most  of 
the  radioautographic  reaction  even  though  intracellular  was  seen 
over  the  cytoplasm  of  the  cell,  and  many  grains  were  seen  ii  the 
vicinity  of  the  cell  surface.  Only  few  grains  were  encountt  red  over 
structures  resembling  secondary  lysosomes. 


The  present  findings  seem  to  indicate  that  aortic  smooth  muscle 
cells  have  a limited  ability  to  catabolize  ingested  lipoproteins 
but  possess  a mechanism  for  elimination  of  such  molecules  by  regurgi- 
tation. The  low  catabolic  rate  may  be  due  to  the  relative  pat1  .ity 
of  lysosomal  enzymes  in  this  type  of  cell  or  be  an  attribute  of  a 
specific  lipoprotein.  These  findings  bring  up  an  interesting 
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possibility,  namely  that  during  the  intracellular  "roundtrip"  the 
lipoprotein  divests  itself  of  some  of  its  cholesterol.  This  could 
provide  a possible  pathway  for  the  progressive  accretion  of  chol- 
esterol in  aortic  smooth  muscle  cell  known  to  occur  in  both  humans 
and  other  species  with  age  {90). 


DR.  ROSS:  In  normal  muscular  arteries  and  in  the  aorta  of  the 

monkey  the  intima  is  a very  thin  layer.  The  endothelial  cells  are 

closely  adherent  to  the  internal  elastic 
The  Structures  of  lamina.  The  media  in  this  muscular  art- 

Collagen  and  El as tin  ery  consists  solely  of  smooth  muscle  cells 

between  which  are  collagen  fibers,  glycos- 
aminoglycan  and  small  elastic  fibers.  One  can  see  numerous  extra- 
cellular 100-120  A*  microfibrils.  These  microfibrils  were  described 
by  a number  of  people,  including  Dr.  Haust  (137)  who  described  them 
in  the  aorta  several  years  ago.  We  have  observed  them  in  the  devel- 
opment of  elastic  fibers  and  now  know  that  elastic  fibers  consist  of 
two  proteins,  and  that  the  microfibrilar  protein  is  one  of  these 
and  elastin  Is  the  other.  The  nicrof ibrils  are  a glycoprotein  that 
is  a ubiquitous  component  of  the  connective  tissue.  If  one  adds 
ascorbic  acid  to  the  culture  one  sees  not  only  bundles  of  these 
microfibrils,  but  one  can  also  see  banded  collagen  fibrils  as  well. 

A great  deal  is  now  known  about  collagen  and  in  particular  about 
aorta  collagen,  largely  from  the  work  of  Miller  (222)  and  his  group 
at  the  University  of  Alabama.  The  collagen  present  in  tendons  and 
in  the  dermis,  now  called  "Collagen  Vulgaris"  consists  of  2 a 1 and 
1 a 2 chain  to  make  up  the  collagen  macromolecule.  We  know  that 
the  collagen  molecule  is  a three  stranded  chain  consisting  of  these 
three  strands  wound  about  each  other  in  a right  handed  helix.  The 
al  chain  is  interesting  in  terms  of  its  amino  acid  sequence  because 
it  was  subsequently  shown  by  Miller  that  cartilage  collagen  has  two 
kinds  of  collagen,  one  the  vulgaris  type  and  the  other  contains 
three  identical  (al)2-  The  al  chain  of  skin  is  homologous  with 
that  of  cartilage.  It  has  amino  acid  substitutions  which  presumably 
leads  to  the  formation  of  a different  kind  of  collagen  fibril,  and 
therefore  a different  kind  of  connective  tissue  matrix.  Miller  (222) 
and  Trelstad  (395)  have  subsequently  discovered  that  in  fetal  skin 
and  in  the  aorta  there  is  a third  type  of  collagen  which  we  shall 
call  (aDj,  which  ir  different  ivom  the  other"  two  al  chains. 


We  now  have  evidence  that  these  same  monkey  smooth  muscle  cells 
in  culture  form  soluble  elastin  based  on  the  following  kinds  of 
evidence:  they  incorporate  tritiared  lysine  into  a precursor  which 
will  migrate  electrophoretical ly  with  purified  soluble  elastin. 

This  labelled  protein  serves  aj  a substrate  for  the  enzyme  lysyl- 
oxidase,  which  is  responsible  for  the  cross  linking  of  the  monomers 
of  elastin  from  the  soluble  form  to  the  insoluble  form.  We  can  also 
demonstrate  autoradiographically  that  these  cells  will  incorporate 
lysine  into  precursors.  We  have  also  been  able  to  isolate  large 
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quant'*-ie*  of  the  mic.rofibriiar  pro>  -in  from  cultures  and  identify 
thee  in  terms  of  their  amiro  ac^.d  composition  which  is  Identical 
with  the  amino  acid  compos! t. on  of  the  microf ibrilar  protein  * uat 
one  can  isolate  from  intact  elastic  fibers  in  vivo.  We  are  r-s-f 
systematically  pursuing  the  mechanisms  that  control  elastin  s ~n- 
thesis  and  mir.rofibril  synthesis  in  culture  by  these  cells,  1 * n 
similar  fashion  to  the  collagen  studies.  I would  like  to  ask  Ur. 
Thomas  Wight  if  he  would  say  a few  wards  about  the  synthesis  of 
proteoglycans  by  these  cells  in  culture  as  well. 

DR.  WIGHT:  Recent  in  vivo  and  in  vitro  experiments  in  our 

laboratory  (315,  316)  have  demonstrated  that  arterial  smooth  muscle 

cells  are  capable  of  synthesizing  and 
The  Synthesis  & Secretion  secreting  collagen  and  elastic  fiber 
of  Glycosaminoglycans  by  protein,  two  of  the  three  major  connec- 
Primate  Arterial  Smooth  tive  tissue  matrix  components  present 
Muscle  Celia  in  vitro  in  blood  vessel  walls.  This  study  is 

designed  to  illustrate  that  these  cells 
also  synthesize  and  secrete  glycosaminoglycans,  the  third  major 
connective  tissue  matrix  component.  The  three  basic  questions  of 
the  study  are: 

1.  Do  primate  arterial  smooth  muscle  cells  synthesize 
and  secrete  glycosaminoglycans  in  vitro? 

2.  If  so,  what  types  are  made  and  in  what  amounts? 

3.  At  what  stage  in  their  growth  phase  do  these  cells 
engage  in  the  synthesis  of  these  macromolecules? 

Arterial  smooth  muscle  cell  cultures  from  the  sub-human  pri- 
mate Macaca  nemestrina,  were  established  as  previously  described 
(317).  At  saturation  density,  cultures  were  double  labeled  with 
^S-sulfate  and  ^H-acetate  (20uCi  per  flask)  for  24  hours  ar.d  the 
glycosaminoglycans  were  extracted  from  medium  and  cell  layer  by 
the  procedure  of  Kameroff  and  Holtzer  (235).  The  majority  of 
activity  was  present  in  the  non-dialyzable,  TCA  soluble  material 
Isolated  from  the  medium  (902)  with  less  activity  associated  with 
similarly  isolated  material  from  the  cell  layer  (102)  (Table  X). 

To  obtain  an  estimate  of  the  types  of  glycosaminoglycans  being 
synthesized,  the  isotopically  labeled  extracted  material  was  sub- 
jected to  glycosaminoglycan  specific  enzymes  (324,  394)  and  the 
digestion  products  were  separated  by  gel  filtration  on  Sephadex 
G-25.  By  determining  the  percentage  of  the  sample  degraded  in  each 
enzyme  digest  (leech  hyaluronidase,  testicular  hyaluronidase,  and 
chondroitinase  ABC),  it  is  possible  to  obtain  an  estimate  of  the 
types  of  glycosaminoglycans  present  in  the  sample  (84).  Results 
indicate  that  little  or  no  degradation  occurred  (0-52)  when  the 
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-H-acetate  labeled  samples  were  incubated  with  leech  hyaluronidaae, 
indicating  only  trace  aaounts  of  hyaluronic  acid  preaent  (Table  XI). 
Slight  degradation  occurred  (10-12Z)  when  ^S-sulfated  labeled 
samples  were  incubated  with  testicular  hyaluronidaae,  an  enzyme 
apecific  for  chondroitin  aulfate  A and  C (Tnb.'e  XI).  Extenaivc 
degradation  (80-90Z)  occurred  when  parallel  ^S-labeled  samples 
were  incubated  with  chondroitinaae  ABC  (Table  XI).  By  aubtracting 
the  aaount  of  activity  retarded  in  the  teaticular  hyaluronidaae 
digeata  froa  the  aaount  of  activity  retarded  in  the  chondroiti'^ae 
ABC  digeata,  it  is  poaaible  to  obtain  and  eatiaute  of  the  aaount  of 
dermatan  aulfate  preaent  aince  both  chondroitinaae  ABC  and  teati- 
cular hyaluronidaae  degrade  chondroitin  aulfatea  A and  C but  only 
chondroitinaae  ABC  degradea  dermatan  aulfate  (chondroitin  aulfate 
B).  Both  medium  and  cell  layer  gave  aimilar  elution  prof ilea  for 
each  enzyme  digeat.  Using  thia  assay  ayatem,  the  following  eatimatea 
of  the  typea  of  glycoaaminoglycans  syntheaized  and  secreted  by  pri- 
mate arterial  smooth  muscle  cell  in  vitro  are:  hyaluronic  acid 

(0-5Z):  chondroitin  aulfate  A/C  (10-20Z):  dermatan  aulfate  (60- 

80Z):  other  uulfated  glycosaminogl yeans  (10Z  or  leas). 

Cellulose  acetate  electrophoresis  (235)  of  isotopically  labeled 
samples  confirmed  the  enzyme  digestion  assays  by  demonstrating  that 
the  major  peak  of  activity  corresponded  to  the  dermatan  sulfate 
standard  with  lesser  peaks  associated  with  the  chondroitin  sulfate 
C standard  and  a fraction  which  migrated  behind  dermatan  aulfate 
(Table  XII). 

In  order  to  determine  at  what  stage  in  the  growth  phase  these 
cells  are  moat  active  in  the  synthesis  of  glycoaaminoglycans,  ar- 
terial smooth  muscle  cells  were  grown  in  various  concentrations 
of  serum,  as  previously  described  by  Dr.  Ross,  and  labeled  with 
■^S-aulfate  during  log  and  stationary  phases  of  growth.  Subsequent- 
ly, the  glycoaaminoglycans  were  extracted  from  the  cell  layer  and 
medium  as  previously  described.  The  specific  activity  of  iaotopi- 
cally  labeled  glycoaaminoglycans  present  in  the  medium  of  stationary 
cultures  was  consistently  higher  than  the  specific  activities  of 
comparable  cultures  in  logarithmic  growth  (Table  XIII). 

In  conclusion,  primate  arterial  smooth  muscle  cells  synthesize 
and  secrete  glycosaainoglycans  in  vitro.  Under  our  conditions  of 
culture,  these  cells  synthesize  and  secrete  primarily  dermatan  sul- 
fate with  smaller  amounts  of  chondroitin  sulfate  A and  C and  trace 
amounts  of  hyaluronic  acid.  Both  cell  layer  and  sodium  gave  similar 
results.  Dividing  and  nondividing  smooth  muscle  cells  are  capable 
of  synthesizing  sulfated  glycosaminoglycans  although  nondividing 
cells  are  more  active  in  the  synthesis  of  these  macromolecules. 

DR.  LINDNER:  Dr.  Ross  spoke  of  collagen  synthesis  in  smooth 

muscle  cells  culture,  especially  the  two  enzymes  responsible  for 
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TABLE  XI 


Void  Volute  Retarded  Total 
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Control 

Testicular  hjraluronidaae 


Control 

Choedroitiaaoe  ABC 


Leech  RfilamUm  dlfeeta  were  done  on  acetate  labelled  aaterial 
Other  dlheeta  were  done  on  ^S-eulfete  labelled  aaterial. 
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95 
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12 
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Fractions  uere  obtained  ty  sll-l&e  the  cellulose  acetate  strips 
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HA  • iyaijror.lc  acid  standard;  1C  • derwatee  sulfate  standard; 
CSC  * cinedroltin  sulfate  C standard. 
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the  hydroxylatlon  of  collagen,  protocollagen-prolin  and  protocollagen- 
lysin-hydroxylase  (Fig. 56).  The  enzyme  which  i«  responsible  for  the 
splitting  up  of  the  additional  peptides  is  procollagcn-peptidase. 
Absence  of  this  enzyme  in  the  body  is  lethal  and  if  it  is  lacking 
only  in  the  skin  we  have  the  typical  picture  of  deraa:osparaxis. 
Collagen-peptidase  works  extracellularly,  while  the  hydroxylases 
Mentioned  work  intracellularly  (Insufficiently  hydroxylated  collagen 
cannot  be  extruded)  (Fig. 56). 

Nowadays  sore  attention  is  given  to  the  breakdown  of  collagen 
than  to  the  breakdown  of  proteoglycans  (without  any  real  justifi- 
cation, and  occasionally  for  Methodical  reasons).  Enzyme*  which 
breakdown  native  collagen  under  physiological  conditions  are  temed 
specific  collagenases.  Their  specificity  is  directed  prinarily  at 
the  aalno  acid  sequences  fron  which  the  apolar  regions  of  the  native 
collagen  fibrils  are  foraed  (Fig.  57). 

These  specific  collagenases  have  only  been  deMonstrated  with- 
in the  last  eight  years  in  huwans  and  other  mismiIs,  and  More  recent- 
ly in  rheuMatoid  synovitis,  inflaaaatory  granulation  tissue,  leu- 
cocytes, etc.  Together  with  our  study  groups  (and  particularly 
with  Crasedyck)  Strauch  and  Cries  are  now  carrying  out  routine 
deterninations  of  collagenolytic  activity  with  a synthetic  PBZ- 
substrate  which  is  cleft  between  the  amino  acids  leucine  and  gly- 
cine by  the  collagen  peptidase  present  in  the  tissue  studied.  This 
results  in  liberation  of  a fragment  of  water-soluble  polypeptide, 
which  contains  the  chronophoric  group.  Fig. 58  illustrates  deter- 
ninatlon  of  collagen  peptidase  activity  in  various  organs  of  the 
rabbit  in  comparison  with  those  obtained  in  serum.  Ideal  SOiidi* 
tions  for  PBZ-substrate-cleaving  enzyme  activity  pear  r.c  be  n. 
pH  of  7. 2-8.0. 

Fig. 58  also  shows  quite  clearly  that  if  all  t'W  organs  listed 
the  aorta  has  the  highest  content  of  PBE-substratsfcleaving  activity; 
this  is  also  considerable  in  other  *ri:p>  with  snoath  Muscle  cells, 
for  example,  the  esophagus.  This  Means  (in  the  .t.'ghiL  of  the  cor- 
responding results  in  studies  of  the  Metabolic  ruv*  vt  collagen) 
that  organs  with  untreated  Musculature  - such  aa  ;»V  aorta,  the 
esophagus,  the  intestine,  etc.  - can  have  a high  nu*.'  of  collagen 
Metabolisa,  even  with  a no really  low  total  collagen  concent.  In 
addition,  organs  consisting  primarily  or  completely  of  smooth 
auscle  cells,  like  the  aorta  and  higher  arteries,  arv  capable  of 
synthesizing  and  breaking  down  collagen. 

Fig. 59  represents  a scheMStic  review  of  the  data  on  catabolisa 
in  connective  tissue  cells  smooth  auscle  cells.  The  increasing 
nuaber  of  electron  Microscopic  studies  of  lysosones  (which  have 
been  released  froa  the  cells  as  well  as  extracellularly  sited  ly- 
sosomes)  demonstrate  that  lysosoaes  are  important  not  only  for  the 
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F !fn*  M:  A schema  (in  German)  tor  the  process  ol  col^tn  synthesis  by  osteoblasts. 
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Figure  58:  iCollagen;peptidasc  activity  of  several-rabbit' organs  compared  with  that  of  serum. 
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Figure  59:  Schema  (in  German)  of  1 . extra  - and  2.  intracellular  catabolic  processes  of  connective 
tissue  cells. 
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extracellular  breakdown  of  collagen  and  fibrin  but  also  for  break- 
down of  proteoglycans  as  well-4  corresponding  enzymes  have  already 
been  demonstrated.  Breakdown  of  proteoglycans  in  groundsubstance 
is  achieved  by  a continuation  of  depolymerization  of  these  macro- 
molecules. This  takes  place  within  the  framework  of  what  are  known 
as  "de-mixing  processes"-,  together  with  an  enzymatic  activity  of 
the  corresponding  glycosidases  and  protease  on  the  component  parts 
of  these  proteoglycans  (see  schematic  review  in  Fig. 59).  The  data 
assembled  to  date  on  the  breakdown  of  collagen  are  presented  in 
Fig. 59  (see  also  Fig. 59  and  the  relevant  text),.  The  arrows  (Fig. 
59)  in  both  directions  are  quite  clearly  Indicative  of  the  facts 
presented  and  show  that  the  breakdown  commences  primarily  extra- 
cellularly  and  is  continued.,  secondarily.  intracellularly.  The 
arrows  pointing  from  the  intracellular  areas  into  the  extracellu- 
lar ones  represent  the  release  of  hydrolase-containing  lysosomes 
into  the  extracellular  regions  for  the  catabolic  processes.  Arrows 
pointing  toward  the  cell  represent  the  uptake  of  breakdown  pro- 
ducts from  the  extracellular  areas  into  the  cell.,  with  continuation 
of  further  breakdown  processes  and  with  occasional  proof  of  frag- 
ments of  the  material  which  is  being  broken  down  (particularly 
collagen  and  fibrin).  The  schema  applies  to  vascular  (and  other) 
smooth  muscle  cells  as  well  as  any  connective  tissue  cells  engaged 
in  the  synthesis  and  breakdown  processes  of  GAG  and  collagen. 

DR.  ROBERT:  I should  like  to  offer  a bit  of  speculation. 

Fig. 60  shows  a primitive  mesenchymal  cell  which  can  give  rise 

during  histogenesis  either  to  something 
Glycoprotein  which  looks  like  cartilage  or  cornea 

Biosynthesis  or  the  smooth  muscle  cells  or  "media- 

cytes"  if  I may  use  this  expression, 
which  gives  rise  then  to  the  aorta  (2B0). 

Fig.  6.1  shows  a highly  simplified  speculative  theory  of  dif- 
ferentiation (281).  Really  what  happens  to  our  specialized  cells 
during  histogenesis  and  also  what  happens  when  our  cells  age  (1 
feel  encouraged  by  Dr.  Stein's  presentation  to  mention  aging 
studies  also)  is  that  we  have  a sort  of  regulatory  mechanism  built 
in  somehow  in  the  cells  which  enables  these  four  taps  (Fig. 61)  to 
prescribe  a rate  of  flow  of  the  four  major  types  of  macromolecules 
of  the  intercellular  matrix:  collagen,  proteoglycans,  elastln 

and  structural  glycoproteins.  Tie  structural  glycoproteins  com- 
pose the  microfibrils  of  elastic  tissue.  Wt  isolated  these  gly- 
coproteins about  13  years  ago  with  Dr.  Dische  (282)  from  many 
different  tissues.  Recently  we  realized  that  they  appear  to  com- 
pose the  "microfiDrils"  of  elastic  tissues  (171.  279)  (Fig. 62). 

We  heard  from  the  presentation  of  Dr.  Somlyo  that  a clear 
discrimination  can  be  made  between  such  intermediate-sized  micro- 
filaments (we  think  are  composed  of  structural  glycoproteins),  the 
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Figure  M:  Schematic  repre 
during  ontogenesis  of  differs 
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mtation  of  the  differentiation  of  mesenchymal  tkauaa.  Appearance 
rtiatad  calk  synthesizing,  in  various  ratios,  the  macrotnoleculet  of  the 
inomanon  leads  to  the  formation  of  different ialad  connective  tissues 
sis,  dermis,  tendons,  etc.  C,  F and  G:  optical  microscope,  low 
electron  microscope,  low  magnification  (from  ref  280). 


J. 


Figure  <1:  Schematic  representation  of  the  hypothesis  assuming  that  differentiation  of 
mesenchymal  tissues  is  obtained  by  the  regulation  of  the  rate  of  biosynthesis  of  the  four  major 
classes  of  inte'cellular  macromolecules:  collagen,  elastin.  proteoglycans  and  structural 
glycoproteins.  The  fibroblast  is  represented  as  equipped  with  four  taps,  the  flow  from  each  being 
regulated  fay  a separate  chronometer  (in  reality  it  would  be  necessary  to  conceive  many  more,  for 
the  different  types  of  proteoglycans  of  which  four  types  are  represented:  H - hyaluronate;  C4S  * 
chortdroitm-4  sulphate;  C6S  = chondroitin-6  sulphate;  DS  * dermatan  sulphate).  The  kinetics  of 
operation  of  the  four  chronometers  determine  the  proportions  in  which  the  four  types  of 
macromolecules  are  synthesized  at  a function  of  age.  I and  II:  electron  microscope,  fairly  high 
magnification:  IV:  electron  microscope,  high  magnification;  III:  electron  microscope,  very  high 
magnification,  (from  ref  281). 
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wallet  actin  filaments  and  the  big  myosin  filaments.  All  three 
types  of  filaments  are  present  in  smooth  muscle  cells  but  only  the 
structure  1 glycoprotein-micro fibers  can  be  found  in  the  inter- 
cellular matrix.  The  biosynthesis  of  elastin  involves  a coordinated 
regulation  of  the  synthesis  of  structural  glycoproteins  and  of  pro- 
e last in  (171,  283). 


We  have  used  several  different  approaches  to  study  the  bio- 
synthesis as  a function  of  age,  and  state  of  differentiation  of 
elastin.  One  of  these  approaches  was  the  organ  culture  of  newborn 

or  fetal  rabbit  aortas  and  adult  aortas. 
Uptake  of  Precursors  Aortas  were  maintained  in  MEM  medium 

as  a Function  of  Age  with  10Z  calf  serum  from  24  hours  to  6 

days  in  the  presence  of  radioactive 
tracers,  usually  *4C-lysii*e  (283).  After  washing,  the  aortas  were 
extracted  by  using  one  of  the  several  so-called  "chemical  dissect- 
ion" methods  we  devised.  Thereby  all  the  macromolecules  of  the 
intercellular  matrix  are  present  allowing  one  to  determine  the 
distribution  of  the  label  in  the  aorta  (283)  (Fig. 63). 


We  determined  the  quantity  of  these  macromolecular  fractions 
in  newborn  and  adult  aortas  and  calculated  the  change  with  age  of 
these  fractions.  The  calcium  chloride  extract  which  contains  the 
diffusible  macromolecules  increases  by  about  24J  between  the  new- 
born and  the  adult.  The  collageaase  extract  (which  is  about  12Z 
in  hydroxyproline)  by  57Z.  The  urea-mercaptoethanol-extract  which 
contains  the  structural  glycoprotein  fraction  increases  by  47Z. 
Elastin  (which  was  solubilized  by  a method  using  potassium  hydro- 
xide in  ethanol)  increases  by  400Z.  Thus  we  conclude  that  the 
main  activity  of  the  young  aorta  would  be  elastin  synthesis.  When 
we  used  a ^C-lysine  to  trace  this  biosynthesis  a great  difference 
in  the  rate  of  its  iicorpo ration  appears  between  the  young  and  the 
adult  aortas  (Fig. 64).  The  drop  of  specific  activity  with  age  is 
not  uniform  over  the  different  fractions  (243). 


Biosynthesis  of 
Elastin 


Now  let  us  focus  on  elastin.  It  is  currently  admitted  that 
elastin  has  no  turnover  in  the  adult  animal.  We  came  to  the  con- 
clusion (243,  253)  that  adult  aorta  is 
capable  of  synthesizing  elastin.  In 
order  to  substantiate  this  claim  we 
wanted  to  really  get  out  the  label  not 
only  from  isolated  and  purified  elastin  but  also  froa  the  cross 
links  themselves.  We  devised  with  Dr.  and  Mrs.  Moczar  a high  volt- 
age electrophoretic  procedure  to  isolate  lysinonor leucine  and  the 
desmoslnes  (227).  After  24  hours  of  culture  we  were  able  to  iso- 
late lysinonorleucine  which  was  labelled  in  the  young  but  still 
unlabelled  in  the  adult  aorta  (243).  At  this  stage  desmosine  was 
not  yet  labelled.  After  six  days  we  could  isolate  labelled  des- 
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Aorta  organ  culture 
1 to  6 days  In  HEM  + 10!  calf 
serum,  wash,  extract: 

1H  CaC^tris-citrate 


(1)  CTC-extract 

(diffusible  macromolecules) 


Residue 
+ cotlagenase 


(2)  Colase-extract 

(mainly  polymeric  collagen) 


Residue 

+ 8H  urea-0. IK  SH 
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glycoproteins) 
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Figart  M:  Chemical  detection  procedure  utad  to  analyte  the  incorporation  cf  labelled  precursor 
in  the  -nacromoleculet  of  the  aorta. 


TABLE  XIV 

Incorporation  of  U-1^  lysine  In  lysine  and  desooslne  residues 
of  elastin  In  organ  cultures  of  young  (*00  g)  and  adult  (2  kg) 
rabbit  aortas. 

epe/ag  residue 


yoyng 

adult 

young 

adult 

Lysine 

220.000 

•9.000 

90.000 

55,000 

Desaosine 

3.700 

0 

10.300 

3.700 
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Figure  64:  Histogram  representing  the  *wcific  radioactivity  of  the  macromoiecular  fractions  of  the 
new  bom  and  adult  rabbit  aorta  after  24h  organ  cultur*  in  the  presence  of  ^C-lysine.  The  aorta 
extracts  were  obtained  as  indicated  on  Fig.  63. 
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Similar  results  were  obtained  by  incubating  rabbit  aorta  slices  in 
Krebs-Ringer-P04  medium  for  4 hours  with  lysine  or  galact- 
ose, followed  by  "chemical  dissection",  and  determination  of  dis- 
tribution of  radioactivity,  either  from  the  fractions  or  from  iso- 
lated molecules  (hexoses  or  amino  acids)  (283). 

galactose  is  incorporated  during  a four  hour  incubation 
period  in  all  three  major  glycopeptides  isolated  (glycopeptides 
from  proteoglycans,  glycoproteins  and  collagen).  A very  strong 
incorporation  in  the  structural  glycoprotein  fraction  was  observed 
and  also  a weaker  one  in  collagen  (Fig. 65). 

One  way  of  characterizing  the  state  of  differentiation  (as  well 
as  its  changes  in  pathological  conditions)  of  different  connective 
tissues  is  to  compare  the  rate  of  incorporation  of  labelled  pre- 
cursors into  the  isolated  glycopeptides  of  glycosaainoglycans,  struc- 
tural glycoproteins  and  of  collagen  (228,  229,  283).  After  hydro- 
lysis of  the  labelled  glycopeptides,  separated  by  gel  filtration 
(see  Fig. 65),  galactose,  glucose  and  mannose  could  be  isolated, 
quantitated  and  their  specific  activity  individually  determined.  We 
found  that  the  highest  specific  activity  was  present  in  galactose 
but  glucose  was  also  labelled.  So  really  a rabbit  aorta  can  do  a 
great  deal  in  four  hours  with  these  sugars.  Again  the  ratio  of 
labelling  of  the  monosaccharides  turned  out  to  be  different  for 
instance  from  cornea  to  aorta  (229,  283).  In  the  conditions  used 
(4  hours  incubation  at  37  degrees)  calf  cornea  could  convert 
galactose  to  mannose;  pig  aorta  did  not. 

Similar  experiments  were  carried  out  with  lysine  as  a 
tracer  and  this  aminoacid  was  also  significantly  incorporated  in 
all  macromolecular  fractions  of  the  rabbit  aorta  during  a four  hour 
incubation  period  (283).  Here  again  the  strongest  incorporation  was 
obtained  in  the  structural  glycoprotein  fraction.  A lower  but  sig- 
nificant incorporation  was  also  observed  in  the  polymeric  collagen 
and  elastin  fractions.  All  these  experiments  confirm  the  capacity 
of  rabbit  aorta  explants  to  carry  out  actively  the  biosynthesis  of 
all  the  macromolecular  components  of  the  intercellular  matrix.  For 
most  components  this  biosynthesis  is  relatively  rapid  and  can  be 
observed  after  four  hours  of  incubation.  Elastin  is  actively  syn- 
thesized in  aorta  organ  culture  and  crosslink  formation  could  be 
detected  by  the  isolation  of  labelled  lysinonorleucine  and  desmo- 
sine  not  only  in  young  but  also  in  adult  aortas.  This  shows  that 
elastin  neosynthesis  is  not  definitively  repressed  or  inhibited  in 
the  adult  organism  (243,  283).  The  rapid  incorporation  of  label 
in  the  urea-soluble  glycoproteins  and  the  coordinated  synthesis  of 
structural  glycoprotein-microfibril?  and  proelastin  for  polymeric 
elastin  biosynthesis  is  confirmed  by  these  experiments. 


To  summarize  to  this  point:  The  properties  of  structural 
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glycoproteins  of  aorta  were  described  (228,  284).  They  have  a 
characteristic  aaino  acid  composition,  are  rich  in  aspartic  and 
glutamic  acids  as  well  as  in  alanine  and  other  aliphatic  amino 
acids.  They  easily  fora  aggregates  by  disulfur  and  hydrophobic 
interaction.  Their  amino  acid  composition  shows  a striking  homo- 
logy to  "transplantation  antigens"  (285).  Purified  preparations 
of  structural  glycoproteins  were  obtained  from  human,  porcine  or 
rabbit  aorta  and  also  from  polymeric  elastin  preparations  (228, 

279,  284).  Under  the  electron  microscope  these  glycoproteins 
present  typical  "microfibrillar"  aggregates,  composed  of  globular 
subunits  with  an  average  diameter  of  120  A*  (Fig. 62)  (171). 

The  following  experiments  were  carried  out  in  collaboration 
with  Dr.  Kadar  from  the  University  of  Budapest  (171).  The  first 
preparation  was  obtained  (Fig. 62)  from  the  aorta  and  another  (Flg.66) 
from  purified  elastin.  It  is  interesting  to  notice  that  they  re- 
act with  ruthenium  red.  This  is  again  a warning  to  those  who  think 
that  ruthenium  red  is  a stain  for  polysaccharides  only.  This  glyco- 
protein Is  not  very  rich  in  sugar  components  (t  52)  (228,  284),  but 
is  a very  acidic  protein  (286).  Fig. 66  shows  elastin  stained  with 
ruthenium  red:  you  may  see  the  nice  microfibrillar  glycoproteins 
taking  the  stain. 

Fig. 67  presents  a summary  of  the  proposed  mechanisms  of  elas- 
tic tissue  biosynthesis  from  two.  components  (275,  287):  1.  the 
structural  glycoprotein-microfibrillar  component,  and  2.  the  trans- 
lucent polymerized  elastin  composed  of  tropoelastin  monomers  linked 
together  by  desmosln  cross  links  (248).  The  glycoprotein-micro- 
fibrlls  can  be  extracted  with  8M-urea-0.1  M mercaptoethanol  (279) 
then  we  obtain  the  microfibrillar  structures  (171).  Now  we  can 
stain  with  phosphotungstic  acid  the  residual  elastin  which  reveals 
a fine  structure  composed  of  globular  subunits.  The  question 
arises  whether  or  not  this  be  polymerized  elastic  units. 

This  has  still  to  be  confirmed.  All  these  experiments  support, 
iowever,  our  original  proposition  (171,  243,  279,  283)  attributing 
to  the  structural  glycoprotein-mlcrofibrils  the  role  of  orienting 
scaffolding  onto  which  the  proelastin  molecules  can  aggregate 
through  electrostatic  interactions  (between  the  positively  charged 
lysine-residues  of  proelastin  and  the  negatively  charged  glyco- 
proteins). The  crosslinking  process,  initiated  by  lysinoxydase 
could  then  take  place  in  an  oriented,  sterlcally  determined  fashion 
("vectorial  synthesis")  (275,  287).  The  regulatory  mechanisms  res- 
ponsible for  this  coordinated  biosynthetic  activity  must  reside 
somehow  in  the  smooth  muscle  cell  genome  and  can  be  considered  as 
a direct  consequence  of  its  "differentiation"  to  aorta  "mediacytes”. 
Pathological  disturbances  of  this  regulatory  process  might  well 
be  involved  in  the  structural  alterations  observed  in  the  inter- 
cellular matrix  ' arteriosclerotic  aortas. 
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OR.  ADAMS:  I would  like  Co  ask  Dr.  Robert  if  there  are  any 

sulphated  glycoglycans  in  the  structure  of  collagen  because  al- 
though he  showed  that  the  proteoglycans  are  present  there  in  the 
structure,  there  are  sulphated  gags  formed  during  synthesis  of 
collagen. 

DR.  ROBERT:  I did  not  go  into  detailed  descriptions  of 

structural  glycoproteins  but  at  least  the  one  we  isolated  from 
cornea  does  have  some  sulphate  but  it  has  no  t'.etec  table  glyco- 
saaino-glycan-sulphate,  no  uronic  acid  so  it  is  not  really  a 
GAG  (282). 

DR.  ADAMS:  I am  sorry,  but  I am  not  sure  you  answered  my 

question.  1 said  in  the  structure  of  collagen  or  elastin,  but  not 
just  in  the  aortic  wall. 


DR.  ROBERT:  Oh,  here  we  face  a very  sophisticated  semantic 

question.  Collagen  is  coded  by  a structural  gene  and  it  cannot 
have  GAG-s  in  it  naturally.  Elastin,  we  have  just  discussed  the 
problem,  is  a composite  thing  composed  of  at  least  two  typis  of 
proteins:  proelastin  which  is  not  a glycoprotein  and  the  struc- 

tural glycoprotein-microfibrils.  But  in  this  picture  we  do  not 
have,  and  we  do  not  need,  the  GAG-s.  These  are  separate  macro- 
molecular  components  o'  the  aortic  stroma.  I do  not  know  again 
if  we  get  through  this  time? 

DR.  LINDMER:  Synthesis  of  sulphated  glycosaminoglycans  (GAG) 

or  proteoglycans  starts  before  collagen  synthesis  in  embryonic 
or  post-embryonic  connective  tissue.  The  location  of  sulphated 
GAG-synthesis  (labeled  with  the  most  suitable  precursor: 
sulphate)  are  shown  in  examples  of  light  microscopic  radiograms 
of  smooth  muscle  cells  with  the  same  shapes  etc.  which  you  have 
seen  in  culture  yesterday.  The  same  is  true  for  smooth  muscle 
cells  of  human  biopsy  and  autopsy  materials.  This  incorporation 
and  synthesis  pattern  and  course  of  sulphated  GAG  is  just,  the 
same  as  in  other  connective  tissue  cells,  shown  by  examples,  of 
cartilage  cells:  semithinslide  autoradiogram  with  labeled  Golgi 

field  - 30  minutes  after  in  vivo  incorporation  of 
It  is  possible  to  count  the  number  of  silver  grains  (especially 
by  the  automatic  translucent  photometric  analysis)  and  therewith 
the  synthesis  level  in  cells  - and  here  in  organelles  also.  The 
Golgi  field  is  important  for  any  mesenchymal  as  well  as  epithelial 
synthesis  of  acid  and  neutral  polysaccharides.  This  concentration 
of  silver  grains  in  the  Golgi  apparatus  is  demonstrable  also  in 
smooth  muscle  cells  and  shown  by  examples  of  electronmicroscopic 
radiograms  in  epithelial  cells  also  which  are  involved  in  the  syn- 
thesis of  acid  and  neutral  polysaccharides  besides  other  syntheses 
potentials:  examples  of  this  Golgi  field  labeled  with  some  silver 

grains  and  then  formation  of  premucous  and  mucous  vesicles  labeled 
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Figure  (7:  Schematic  representation  of  the  theory  of  claatogtnttis:  the  smooth  moeck  cell 
produces  th*  "microfibriller"  glycoproleinsceHoldrng  (MF)  onto  which  the  proetastio  subunits 
mrijitt  to  form  the  elastic  lamellae  (E).  The  "microfibrils"  are  compowd  of  structural 
glycoproteins  (SGP)  extractable  in  8M  ureeO.IM  mercaptoethanol  keying  a pofymeric  eiastin  core 
(HE)  (modified  from  ref  171). 


V; 


\f^M\  ^ 

I gie^lj: 


Praeewcvs 


I 


Morphology  of  Mucus  Synthesis 
in  Coion  Goblet  Cells 

Electr  -micr.  Autoradiography. 


"S-SeNak  > seRLHfS  a«tre5*« 

(UKWISttJ  T3S' 
N.aeceerel  (*«*»*•*  JX.  S' 

’MaUcleie'  "*•*•«-  ,*) 

_ , . t^HSTOOIf  i IW' 

l-UecM  • Pretext  t») 

{««(’» i*;; 


Figure  (t:  Summary  of  the  results  of  the  most  important  electronmicroscope  studies  on  the 
morphology  of  the  epithelial  synthesis  of  mucus,  especially  the  acid  giycosaminogiycans;  using  the 
colon  goblet  cell  as  example. 
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also  followed  by  the  extrusion  of  labeled  GAC  - in  this  epithelial 
as  well  as  in  any  mesenchymal  GAC  synthesis,  of  smooth  muscle  cells 
included. 

35s-sulphate  is  the  best  labeling  precursor  to  use  for  locating 
and  quantifying  sulphated  GAG  synthesis  because  in  contrast  to  other 
precursors,  ^S-sulphace  is  not  Involved  in  the  synthesis  of  neutral 
polysaccharides  or  the  polysaccharide  aoities  connected  to  protein 
or  lipid.  For  the  same  reason  -^S-sulphate  is  suitable  for  locating 
and  quantifying  sulphated  GAG  synthesis  of  connective  tissues. 

Within  the  first  five  minutes  after  the  administration  of  the 
labeled  precursor,  only  sporadically  labeled  ergastoplasm  can  be 
found;  in  contrast  the  Golgi  complex  of  the  goblet  cells,  or  ocher 
mucogenic  gastric  and  enteric  epithelial  cells  takes  up  che  label 
within  the  first  5-30  minutes.  This  is  where  the  real  synthesis 
and  polymerization  of  neutral  and  acid  mucus  takes  place.  As  has 
been  especially  well  shown  by  the  studies  of  Seutra  and  Leblond  the 
loops  of  the  Golgi  apparatus  are  renewed  with  such  speed  that  each 
*'jp  consisting  of  ?--J2  vesicles  is  completely  replaced  about  every 
20-40  minutes.  Every  2 cinutes  one  Colgi  vesicle  is  transformed  in- 
to a so-called  premucosal  vesicle  (and  mucigen  granule).  Labeling  in- 
creases for  the  first  30  mins  after  the  beginning  of  incorporation. 
The  Golgi  vesicles  are  transformed  directly  into  the  so-called  pre- 
mucosal saccules  and  granules  out  of  which  the  mature  mucus  granules 
are  then  formed.  At  the  end  of  60-120  mins  these  may  be  labeled  and 
may  be  delivered  into  the  intestinal  lumen  through  superficial  fis- 
sures in  either  intact  epithelial  ceils  or  in  those  with  defective 
mucosal  membranes  (see  summary  Fig. 68).  Thus  short  time  measurement 
of  35s-*ulphate  incorporation  may  prove  a better  method  for  the  as- 
sessment of  these  synthetic  processes  than  the  direct  measurement  of 
the  specific  activity  of  the  fractionated  glycosaminoglycans  which 
was  also  carried  out  on  this  material.  Early  optimism  which  arose 
from  the  apparently  successful  transfer  of  methods  for  the  evalua- 
tion of  microscopic  autoradiographs  to  a study  of  electron  micro- 
scopic autoradiographs,  has  now  been  replaced  by  a more  critical 
assessment  of  their  value.  It  has  proved  essential  to  adhere  to 
standard  conditions  such  as  the  consecutive  randomized  measurement 
of  the  various  parameters.  These  Include  resolving  power,  relative 
thicknesses  of  section  and  emulsion,  the  absolute  sensitivity  of 
the  method,  and  a consideration  of  the  ratio  of  the  dimensions  of 
the  silver  grains  and  other  considerations  appropriate  to  the  ap- 
paratus employed.  Therefore  it  is  apparent  that  the  study  of 
electron  microscopic  autoradiographs  and  above  all  their  quantifi- 
cation must  be  supplemented  by  more  suitable  quantitative  methods. 
Here  again  the  measurement  of  the  rate  of  Incorporation  of  3^S- 
sulphate  is  best  suited  for  routine  application.  So  as  a routine 
indicator  method  we  are  using  the  -^S-sulphate  incorporation  for 
location  and  for  quantification.  The  results  of  the  so-called 
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Figure  39:  Age  depending  decrease  in  ceil  content  of  the  human  aorta  (quantitative  biochemical 
DNA  analyses). 
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Figure  70:  Decrease  in  the  rate  of  35s-sulphate  incorporation  during  maturation  and  aging  ol  the 
human  aorta;  examined  separately  for  the  intima  (upper  tracing)  and  the  media  (lower  tracing)  es 
well  os  fur  both  layers  of  the  vascular  wall  together  (middle  tracing). 
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35S  -su’phate  incorporation  rate  measurement  are  comparable  to  the 
results  of  assays  of  tne=e  enzymes  which  are  responsible  for  the 
sulphate  activating  and  transferring  (PAPS).  Using  this  method 
we  find  evidence  of  vascular  aging  of  humans  and  rats.  Indeed 
in  a good  preparation  we  see  more  than  90%  smooth  muscle  cells  in 
the  aging  rat  aorta. 

The  decisive  fact  is,  that  the  total  cellular  content  of  the 
arterial  wall,  particularly  that  of  the  aorta,  decreases  (Fig. 69), 
no  matter  whether  the  results  have  been  calculated  in  terms  of 
total  protein  content  or  total  nitrogen  content,  fresh  weight  or 
dry  weight.  This  holds  true  for  the  intima  as  well  as  for  the 
media. 


In  contras:  with  morphological  investigations,  biochemical 
changes  in  the  vascular  wall  which  are  caused  by  aging  and  which 
depend  on  the  structure  of  the  individual  layers,  have  not  yet 
been  examined  in  an  adequate  manner.  Evidence  for  the  fact  that 
in  the  isolated  intima  and  media  of  the  human  aorta  an  age-depen- 
dent  decrease  occurs  from  the  beginning  of  maturation  to  very  old 
age  could  only  be  obtained  by  means  of  the  indicator  techniqv  ;, 
that  is  by  measuring  the  rate  of  incorporation  of  35g_suiphat e. 
This  is  always  less  in  the  media  than  in  the  intima  (in  terms  of 
dry  weight)  (Fig. 70). 

Since  the  DNA  content  of  the  human  aortic  wall  decreases  in 
approximately  the  same  manner  from  maturation  to  very  old  age  as 
a consequence  of  aging,  the  conclusion  can  be  drown,  that  the 
synthesis  of  sulphated  glycosaminoglycans,  per  cell  does  not  de- 
crease with  age,  but  remains  essentially  the  same,  or  may  even  be 
raised  temporarily. 

A comparable  aging  process  has  been  demonstrated  in  vessels 
from  experimental  animals.  Fig. 71  shows  an  example  from  the  rat. 
This  decrease  in  the  rate  of  incorporation  of  1-sulphate  into 
the  aorta  during  maturation  and  aging  corresponds  to  the  decrease 
in  the  activity  of  sulphate-activating  enzymes  in  the  cardiovas- 
cular connective  tissues  during  aging.  The  first  graph  of  Fig. 71 
shows  the  decrease  in  the  rate  of  -^S-sulphate  incorporation  by 
the  rat  aorta  during  maturation  and  aging  up  to  the  third  year 
of  life  (in  terms  of  dry  weight).  The  second  graph  shows  that  the 
decrease  in  the  DNA  content  of  the  rat  aorta  occurs  predominantly 
during  the  period  of  maturation  and  the  first  year  of  life;  later 
on  only  a small  decrease  was  found  by  us.  The  values  expressed 
in  the  second  graph  of  Fig. 71  are  related  to  fresh  tissue  weight. 
The  third  graph  shows  the  rate  of  355_suip^ate  incorporation  in 
terms  of  the  DNA  content,  again  demonstrating  a corresponding 
decrease  during  aging.  This  result  is  comparable  with  the  find- 
ings obtained  in  two  other  connective  tissues,  namely  skin  and 


METABOLIC  CHARACTERISTICS  Of  SMOOTH  MUSCLE 


125 


*S-lncorp.  DMA 


*S/DMA 


U 


9mm  12m  2|  3| 


Figure  71:  3 &S -sulphite  incorporation  and  DNA  content  of  the  rat  carta  during  aging. 


Figure  72:  Course  of  3&S- sulphite  incorporation  and  DNA  content  of  rat  cartilage  and  cutaneous 
tissue  during  aging  (compare  with  fig.  71). 
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cartilage.  Thus  Fig. 72  records  the  decrease  in  the  rate  of  ^S- 
sulphate  incorporation  by  cutaneous  tissue  of  the  rat  during  aging. 
By  comparison  of  the  three  graphs  in  Figs. 71  and  73  it  can  be  seen 
that,  whereas  there  is  a marked  fall  with  age  in  the  rate  of  255- 
sulphate  incorporation  expressed  in  terms  of  DNA  content  in  the  vas- 
cular tissue,  there  does  not  appear  to  be  any  comparable  change  in 
this  parameter  in  the  cutaneous  tissue. 


In  cutaneous  tissue  {Fig. 73)  the  synthesis  capacity  per  cell 
is  the  same  in  younger  as  in  older  rats.  In  cartilage,  as  shown 
in  Fig. 72,  GAG  synthesis-capacity  increases  with  age  in  rats.  Tie 
validity  of  all  statements  concerning  age-dependent  alterations  in 
various  types  of  connective  tissue,  including  the  arterial  wall, 
depends  on  whether  synthesis,  degradation,  total  content  turnover 
or  biological  half-life  times  of  the  proteoglycan  and  collagen 
fractions  have  been  examined. 


Findings  with  respect  to  age  changes  in  human  material  in  these 
metabolic  entities  of  arterial  connective  tissue  are  tabulated  in 
Fig. 74.  Until  now  biochemical  analyses  of  the  alterations  in  arter- 
ial connective  tissue  during  aging  are  insufficient,  particularly 
component  analyses  with  determinations  of  the  total  content  of  com- 
ponents of  the  intercellular  matrix  because  (1)  as  a rui«:,  no 
adequate  separation  of  the  effects  of  aging  and  atherosclerosis  has 
been  carried  out,  and  (2)  whole  vessels  i.e.,  pools  of  larger  vas- 
cular moieties,  have  been  examined  for  methodological  reasons,  thus 
levelling  out  possible  analytical  differences  between  individual 
.omponents. 


When  acid  and  neutral  polysaccharides,  which  are  estimated 
together  by  determinations  of  total  hexosamines  are  separated,  it 
can  be  shown  that  the  content  of  neutral  polysaccharides  occasion- 
ally rises  more  than  the  content  of  acid  polysaccharides.  With 
accurate  analyses  an  age-dependent  increase  in  total  uronic  acid 
content  can  be  demonstrated.  Thus,  if  the  course  of  polysaccharide 
changes  from  prenatal  development  through  postnatal  development, 
maturation,  and  aging  up  to  very  old  age  is  plotted,  we  find  at 
first  a large  and  then  a smaller  decrease  in  the  uronic  acid,  hexo- 
samine  and  galactosamine  content  of  the  human  aorta  as  a quantita- 
tive measure  of  the  decrease  of  the  total  amount  of  neutral  and 
acid  polysaccharides,  and  thus  of  groundsubstance  of  the  vascular 
wall  in  old  age.  This  is  in  contrast  with  atherosclerosis,  which 
has  been  discussed  before,  in  which  a corresponding  increase  of  the 
groundsubstance  in  the  intima  and  media  occurs.  It  is  in  agreement 
with  the  incorporation  rates  shown  above.  Alterations  in  the  total 
content  of  the  glyr.osaminoglycan  fractions  dependent  on  aging  are 
caused  by  decreasing  synthesis  (in  contrast  with  increased  synthesis 
in  atherosclerotic  plaques)  (Fig. 74). 


aorta  of  the  rat  a)  after  ovarectomy.  aorta  of  the  rat  b)  after  orchiectomy  until  to  the  20th  week 

past  operation. 


Fiprre  7#:  Human  fetal  aorta.  Units  of  elastic  tissue  conjiri  of  a central  round  art  of  unstained 
homogeneous  substance  (white  in  photograph)  and  surrounding  coat  of  microfibrils  of  the 
extracellular  space.  Some  microfibrils  are  cut  tangent  i»ll>  and  others  are  teen  in  cross  section. 
Units  fuse  with  eech  other  to  form  larger  elements  of  elastic  tissue.  Gkitaraldehyde-osmic  acid 
fixation:  Epor.-812  embedding;  uranyl  acetate-lead  citrate  staining;  magnification  > x 58,000 
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Figure  77:  Pordne  newborn  aorta.  Elartic  tissue  appears  blade  in  tbit  photograph.  Black  stainad 
com  of  units  fuse  to  form  larger  elements  of  elastic  tissue  leaving  at  first  spaces  betasen  themaelves 
which  are  filled  with  the  mierofibrilt  (arrows).  At  a later  stage  (owing  to  the  process  of  molding?) 
these  last  vestiges  with  microfibrifs  disappear  from  the  substance  of  elastic  tissue. 
Ghitersidehydeosmic  add  fixation;  Epon-812  embedding;  uranyl  acetate  lead  dtrate  staining; 
magnification  * x 72.000 
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We  also  have  data  concerning  Che  influences  of  sex  hormones 
on  5S-sulphate  incorporation  into  the  vessel  walls.  Fig. 75a  and  b 
indicates  the  proteoglycan  synthesis  in  the  aorta  of  ovariectoaized 
and  orchiectoaized  rats.  Ovariectoay  (Fig. 75a)  leads  to  a aore  than 
50X  increase  in  ^S-sulpltate  incorporation  during  the  first  four 
weeks  post  operation,  followed  by  a decrease  to  the  sixth  week  and 
then  a constant  rate  of  synthesis  until  the  20th  week  post  operation, 
which  is  nevertheless  150Z  higher  than  the  control. 

In  contrast  the  synthesis  rate  in  the  aorta  of  orchiectoaized 
rats  (Fig. 75b)  increases  and  persists  at  that  level  until  the  14th 
week  post  operation.  Then  there  follows  a steep  decrease  to  502  of 
the  control  value  up  to  the  20th  week.  The  possible  relevance  of 
these  findings  to  changes  observed  in  huaan  vessels  after  the  feaale 
diaacteric  should  be  explored.  There  are  insufficient  data  avail- 
able on  the  degradation  of  single  mucopolysaccharide  fractions. 

They  appear  to  increase  initially  during  aging,  and  then  to  decrease. 
The  turnover  of  the  Mucopolysaccharide  fractions  in  the  vascular 
wall  decreases  with  age,  their  biological  half-life  Increasing. 

DR.  HADST:  I should  like  to  address  myself  to  the  matter  of 

terminology  employed  in  the  presentations  regarding  the  morphology 

of  elastic  tissue.  On  several  occasions 
Morphology  of  reference  was  made  to  the  translucent 

Elastic  Tissue  component  of  the  elastic  tissue.  At  the 

time  when  the  concept  of  the  elastic 
tissue  unit  was  introduced  some  ten  years  ago  (138,  139,  231)  the 
unit  was  defined  on  a morphological  basis  as  consisting  of  two  dis- 
tinct components:  the  central  round  core  and  the  surrounding  micro- 
fibrils of  the  extracellular  space  (135,  140).  Initially,  the  cen- 
tral core  did  not  take  up  stains  in  preparations  for  electron  micro- 
scopy and  it  was  therefore  termed  "translucent”  (Fig. 76).  Subsequent- 
ly, however,  it  was  possible  to  stain  the  core  at  times  (Fig. 77) 
and  thus,  the  term  "translucent"  can  no  longer  apply.  It  would  be 
advantageous  if  at  this  conference  a decision  were  made  no  longer 
to  refer  to  the  core  of  the  unit  of  elastic  tissue  as  the  translucent 
component.  Perhaps  it  could  be  more  properly  replaced  by  the  term 
"homogeneous".  It  is  of  interest  that  this  homogeneous  component 
remains  the  dominant  feature  of  the  various  elastic  tissue  elements 
that  result  from  fusion  of  the  individual  units,  whereas  the  micro- 
fibrillar component  disappears  as  a distinct  morphologic  element 
within  larger  elastic  tissue  elements  (Fig. 76). 

DR.  ROBERT:  I am  glad  you  brought  up  this  problem  because 

that  will  give  me  a second  chance  to  clarify  a problem  of  semantics 
which  has  been  confusing  the  field  of  elastin  for  ‘.hirty  /cars. 

Now  many  eminent  people  wrote  a great  deal  of  confusing  things  on 
elastic  tissue,  as  you  know.  I certainly  have  to  give  credit  to 
you.  Dr.  Haust,  that  you  are  one  of  those  pathologists  who  did  not 
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say  anything  confusing  and  I think  your  idea  of  the  "elastic  unit" 
was  at  that  time  a very  wise  proposition.  Now  the  problem  is  that 

I don't  think  we  can  any  more  define 
The  Nature  of  the  "elastic  unit"  in  the  same  way 

Elastin  & Elastic  because  we  believe  that  we  have  to  dis- 

Tissue  tinguish  between  elastic  tissue  and 

elastin.  Elastin,  as  we  know  now,  is 
the  polymer  of  a relatively  well  defined  protein:  proelastin,  and 

as  I have  said,  we  have  to  start  with  this  proelastin  which  was 
isolated  from  several  animals.  Now  this  is  quite  a pol  ir  protein 
and  if  you  can  get  it  pure  I am  sure  it  would  react  to  everal  of 
the  electron  microscopic  staining  agents,  such  as  PTA  fc  • instance. 
The  second  component  of  elastic  tissue  is  the  structural  glycopro- 
tein-microfibril;  this  is  again  another  protein  completely  different 
from  elastin.  You  may  find  it  completely  independent  of  elastic 
tissue.  That  is  what  I was  trying  hard  to  get  through  yesterday. 

Mow  it  happens  that  the  smooth  muscle  cell  secretes  both  of  these 
proteins  and  the  formation  of  elastic  tissue  has  to  start  with 
microfibrils.  On  these  negatively  che.‘*ed  units,  the  proelastin 
which  is  positively  charged  can  probaoly  aggregate  by  coulombic 
forces  and  the  cross-linking  catalyzed  by  a specific  lysine  oxidase 
can  go  on  in  a precisely  oriented  manner.  That  is  what  we  call 
"vectorial  synthesis”. 

Otherwise  if  this  cross-linking  would  go  on  in  a homogeneous 
solution  containing  a mixture  of  proteins  together  with  proelastin, 
you  could  never  get  „uch  a thing  as  a structured  tissue,  as  are 
the  concentric  elastic  lamellae  of  the  aorta.  "Elastic  unit"  as 
defined  by  Dr.  Haust  referred  to  these  two  components  (microfibril 
and  proelastin  polymer).  As  you  know,  many  people  described  in 
"plaque  elastin"  or  "atherosclerotic  elastin"  an  increase  in  polar 
amino  acids,  that  would  have  meant  that  tlie  elastin  is  changing 
its  amino  acid  composition  in  pathological  conditions.  What  really 
happened  is  that  they  overlooked  this  microfibrillar  component. 

Or  else  the  glycoprotein  component  increases  again  in  atherosclero- 
tic aorta  by  a mechanism  we  still  do  not  understand  quite  clearly. 

The  adjective  "translucent"  just  means  that  polymeric  elastin 
in  its  native  state  does  not  react  with  some  stains  used  (uranyl 
acetate,  etc.).  It's  like  blue  skies  so  I don't  object  to  change 
any  names  to  any  other,  until  we  define  more  precisely  the  mole- 
cular terminology  of  elastic  tissue.  Now  again  yesterday  I showed 
you  the  picture  where  after  3M  urea-0.1  M mercapto-ethantol  extrac- 
tion the  elastic  lamellae  are  no  more  "translucent"  but  do  stain 
with  uranyl  acetate  Pb  or  with  phosphotungstic  acid  (Fig. 78).  No 
more  "microfibrils"  can  be  seen,  they  are  in  the  urea-extract  (Fig. 
78C).  We  think  that  these  urea-resistant  structures  might  be  the 
cross-linked  elastic  units  ( « proelastin)  with  the  microfibrils 
gone. 
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DR.  HAUST:  Well,  it  may  be  appropriate  for  we,  as  one  of  those 
who  -originally  introduced  the  designation  "translucent"  to  state 
again  that  it  is  incorrect  and  should  not  be  used.  And  in  reference 
to  some  other  comments  made  by  Dr.  Robert  the  following  should  be 
pointed  out:  (1)  It  was  shown  in  the  early  sixties  that  the  micro- 
fibrils  are  present  "free”  in  the  extracellular  space  apparently 
unrelated  to  the  elastic  tissue  (135,  203)  and  it  became  even  then 
a well  recognized  fact  that  several  cell  types,  including  the  smooth 
muscle  cells,  are  capable  of  their  formation  (135,  140).  (2)  The 

proposal  that  it  is  the  microfibrillar  component  that  induces  or 
initiates  the  formation  of  elastic  tissue  is  perhaps  at  present  not 
at  all  an  established  fact.  At  best  this  may  be  true  in  some  cir- 
cumstances, but  not  necessarily  in  all.  Indeed,  at  a recent  Work- 
shop on  Arterial  Wall  Mesenchyme  at  New  Orleans  (April  1973),  Dr. 
Daoud  from  Albany  showed  that  in  tissue  explants  proliferating  smooth 
muscle  cells  contain  in  their  cytoplasm  round,  small  homogeneous 
structures  having  an  appearance  very  similar  to,  or  even  identical 
with,  the  unit  cores  of  elastic  tissue.  It  is  conceivable  that,  at 
least  in  tissue  cultures,  these  intracellularly  formed  cores  are 
extruded  from  the  cells  and  acquire  subsequently  a coat  of  micro- 
fibrils. Perhaps  Dr.  Daoud  himself  would  care  to  comment  on  that 
subject  in  more  detail. 

DR.  ROBERT:  Well,  I can  answer  but  it  will  really  not  take  us 

very  far.  I could  answer  with  another  question.  Did  anybody  de- 
monstrate the  formation  of  elastic  tissue  without  microfibrils? 
Structural  glycoproteins-microfibrils  appear  significantly  earlier 
during  phylogenesis  than  elastin:  we  could  isolate  recently  such 

glycoproteins  from  several  species  of  sponges  (170)  with  a very 
similar  amino  acid  composition  to  that  of  vertebrate  structural 
glycoproteins.  Elastin  appears  much  later  and  all  investigated 
elastic  tissues  do  contain  structural  glycoproteins.  Now  I agree 
with  the  other  half  of  your  comment.  We  isolated  the  structural 
glycoproteins  from  every  investigated  connective  tissue  whether 
elastin  was  present  or  not  and  I was  referring  to  that  yesterday 
(284,  287,  288,  289,  290,  291).  So  I think  we  agree  again  on  the 
essential  issues. 

DR.  DAOUD:  In  tissue  culture  of  explants  we  have  observed 

clear  units  surrounded  by  microfilaments.  In  some  of  the  cells 
we  have  demonstrated  a translucent  structure  which  has  the  same 
neasurement  and  the  same  shape  as  the  center  of  the  unit.  We 
attempted  enzymetic  digestion  of  these  structures  but  were  not 
successful.  We  are  not  yet  sure  whether  these  intracellular  struc- 
tures are  really  elastin  or  not,  although  they  do  have  the  same 
configuration  and  the  same  size. 


DR.  WIGHT:  Yesterday,  I think  there  was  some  confusion  con- 

cerning the  possible  Interaction  of  collagen  and  proteoglycanc  in 
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the  arterial  wall.  Numerous  chemical  and  morphologic* 1 studies 

(11,  83,  91,  204,  206,  207,  213,  234, 
Glycosamino-  340)  have  demonstrated  that  proteogly- 

Clycans  cans  interact  with  collagen  in  vivo 

and  in  vitro.  The  majority  of  this 
work  has  utilized  cartilage  tiasue  to  demonstrate  this  interaction. 
However  a recent  study  (172)  has  suggested  that  proteoglycans  in- 
teract with  collagen  in  developing  chick  embryo  aortas.  We  also 
have  data  to  suggest  that  proteoglycans  are  bound  to  collagen  in 
the  arterial  wall.  Small  segments  of  normal  and  hyperplastic  iliac 
arteries  from  one  year  old  pig  tall  monkeys  (Macaca  nemestrina) 
were  fixed  in  the  presence  of  ruthenium  red,  an  electron  stain 
that  has  been  reputed  to  have  some  staining  specificity  for  pro- 
teoglycans (206,  207)  and  processed  for  electron  microscopy.  Small 
200-300  A*  diameter  ruthenium  red  positive  gvanules  were  deposited 
on  the  outer  edge  of  the  collagen  fibers  at  rhe  major  period  band 
(Fig. 79).  Treatment  of  this  tissue  with  testicular  hyaluronidase 
prior  to  ruthenium  red  exposure  eliminated  the  collagen  associated 
ruthenium  red  granules  leaving  the  collagen  fibers  intact  (Fig. 80). 
These  findings  indicate  the  proteoglycan  nature  of  these  ruthenium 
red  granules. 

I would  also  like  to  add  one  more  observation  concerning  the 
arterial  smooth  muscle  cell  that  came  from  these  ruthenium  red 
studies.  Examination  of  unstained  sections  from  arterial  tissue 
fixed  in  the  presence  of  ruthenium  red  revealed  that  a thin  coating 
of  ruthenium  red  positive  material  existed  on  the  outer  surface  of 
the  smooth  muscle  cell's  plasma  membrane  (Fig. 81).  This  coating 
was  observed  in  addition  to  the  characteristic  basement  lamina  of 
the  smooth  muscle  cell  which  also  demonstrated  an  affinity  for 
ruthenium  red  (Fig. 82).  Testicular  hylaruonidase  did  not  appear 
to  alter  this  staining  pattern.  Although  the  chemical  nature  of 
the  surface  coat  and  basement  lamina  cannot  be  ascertained  from 
these  studies,  such  observations  do  suggest  that  the  surface  of  the 
smooth  muscle  cell  and  associated  basement  lamina  are  strongly 
anionic.  The  anionic  nature  of  the  surface  of  this  cell  suy  be 
important  in  the  selective  uptake  of  certain  macromolecules  such 
as  positively  charged  B lipoproteins  (199). 

DR.  RUEGG:  I should  like  to  discus*  the  similarities  and 

differences  in  the  contractile  mechanism  of  arterial  smooth  muscle 

as  compared  to  that  of  skeletal  muscle. 
Contractile  Proteins  We  shall  focus  our  attention  on  the 

of  Arterial  Smooth  protein  myosin  which  is  an  ATPase. 

Muscle  and  their  Professor  Somlyo  told  you  this  morning 

Mechanism  of  Action  that  arterial  muscle,  like  skeletal 

muscle,  consists  of  thick  and  thin  fila- 
ments which  may  slide  past  each  other  during  contraction- 


Figure  SO:  An  area  of  extracellular  matrix  from  a hyperplattic  arterial  *'ntima  which  hat  been 
treated  with  tetticolw  hyalurinidaie  (0.1%)  for  1 hour  prior  to  fixation  in  the  presence  o« 
ruthenium  red.  The  teetion  it  ttained  with  uranyt  acetate  and  lead  citrate  x 64.000. 


Figure  81:  An  arterial  intimal  smooth  muscle  cell  fixed  in  the  presence  of  ruthenium  red.  Note  the 
staining  on  the  outer  surface  of  the  plasma  membrane.  The  section  is  not  stained  with  uranyl 
acetate  or  lead  citrate  x 74,000. 


Figure  82:  Portion  o*  an  arterial  smoot  i muscle  cell  fixed  in  the  presence  of  ruthenium  red 
following  testicular  hyaluronidase  treatn  ent  Surface  coat  and  basement  lamina  demonstrate 
affinity  for  ruthenium  red.  Section  is  not  stained  with  uranyl  acetate  or  lead  citrate  x 81,000. 
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The  thin  filaments  contain  mainly  actin  and  in  addition,  the 
regulatory  proteins  tropomyosin  and  troponir.  The  thick  filaments 
contain  mainly,  but  not  exclusively,  myosin  which  is  aggregated 
within  the  thick  filaments  in  such  a fashion  that  the  shaft  of  the 
molecule  lies  within  the  filament,  while  the  doublehead  of  the  mole- 
cule and  the  neck  region  project  out  of  the  filament  to  form  cross- 
bridges  towards  the  thin  actin  filament.  In  the  relaxed  state  these 
cross-bridges  do  not  attach  to  thin  filaments.  In  contraction  on 
the  other  hand,  the  cross-bridges  do  attach  themselves  to  the  thin 
filaments,  thereby  forming  cross  connections  between  sliding  thick 
and  thin  filaments.  Under  strictly  isometric  conditions  the  cross- 
bridges generate  tension  by  performing  a rotational  movement,  where- 
by the  elastic  region  of  the  bridges  becot.in  stretched  by  roughly 
100  X units,  so  that  an  elastic  tension  is  produced. 

If  the  conditions  are  not  isometric,  the  stretched  spring  exerts 
a pulling  action  on  the  actin  filament,  which  then  slides  past  the 
thick  filament  and  in  this  way  movement  is  produced.  Of  course  the 
movement  produced  by  a single  action  of  a cross-bridge  is  extremely 
small.  But  larger  movements  are  produced  if  the  myosin  heads  ad- 
hering to  the  actin  filaments  move  not  only  once  but  many  many 
times.  In  this  way,  they  pull  the  actin  filaments  by  a repetitive 
action  of  the  bridges  much  like  a ship's  crew  which  can  only  haul 
in  a long  rope  by  repetitive  heaves.  A repetitive  cross-bridge 
action  based  on  the  rcpe-hauiing  principle  is  not  only  occuring 
during  shortening  of  muscle  fibers  but  even  under  isometric  condi- 
tions, when  continuous  tension  is  maintained.  Here  too,  cross- 
bridges continuously  attich  and  detach  in  cycles;  but  despite  this 
eye If c action  tension  does  not  oscillate  because  cross-bridges  act 
asynchronously. 

The  energy  for  the  described  repetitive  mechanical  performance 
of  the  cross-bridges  is  derived  from  the  splitting  of  one  or  two 

molecules  of  ATP  in  each  cross-bridge 
Descriptjuii  >.  he  cycle-.  Presumably,  ATP  is  split  each 

Cross-brid?"  time  a cross- bridge  interact?  with  actin 

and  performs  a cycle.  Without  the  in- 
tervention of  actin  the  AT*  .;  activity  would  be  very  low  under 
physiological  ionic  conditions,  that  is  at  low  ionic  strength,  and 
in  the  presence  of  high  concentrations  of  Mg.  Indeed  the  ATPase 
activity  of  myosin  alone  is  extremely  low  without  actin,  but  it  is 
greatly  activated  as  soon  as  myosin  is  allowed  to  react  with  actin. 

As  shown  in  Fig. 83  this  is  also  true  fot  "he  art--  ’al  nyosin  ATPrse. 
U.  Mrwa  succeeded  iu  preparing  pure  myosin  f-om  arteries  and  .egether 
with  D.  Trentham  of  Bristol  determined  some  of  Its  enzvmatic  char- 
acteristics. 

The  lower  curve  shows  the  ATP  splitting  bv  mvosin  in  the  pre- 
sence of  Mg  ions  and  in  the  absence  of  actin.  Phosphate  release 
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is  shorn  as  a function  of  tine.  Note  that  the  tine  progress  curve 
is  linear  after  about  five  ninutes.  The  rate  is  extremely  low. 

Only  about  one  mole  of  ATP  is  split  by  one  mole  of  myosin  in  ten 
minutes.  In  other  words,  one  molecule  of  myosin  requires,  under 
these  experimental  conditions,  about  ten  minutes  to  split  a mole- 
cule of  ATP.  In  the  presence  of  an  excess  of  actin  the  rate  of 
splitting  is  greatly  increased.  This  signifies  presumably  that 
in  arterial  muscle  too,  cross-bridges  split  ATP  only  when  they  in- 
teract with  actin  in  the  course  of  the  cross-bridge  cycle.  This 
kind  of  actin-dependent  ATP  splitt ing  can  only  occur  in  the  presence 
of  trace  Ca  ions  as  in  the  case  of  skeletal  muscle  contractile  pro- 
teins. At  pH  7 the  threshold  of  Ca  concentration  is  about  10“^ 
molar,  50Z  activation  is  obtained  at  the  Ca  concentration  of  roughly 
10~6  molar  and  maximal  activation  at  the  C*.  concentration  of  10“' 
milar.  A similar  Ca  dependence  is  found  in  artomyosin  systems  from 
skeletal  muscle.  There  are,  howe/er,  two  important  differences 
between  the  skeletal  muscle  system  and  the  smooth  muscle  system. 

The  first  difference:  in  the  ar’.erial  system  but  not  in  skeletal 

actomyosin  the  Ca  sensitivity  is  strongly  pH-dependent : if  the 

medium  is  acidified  to  pH  6.5,  which  may  well  be  metabolically 
possible,  about  ten  times  higher  Ca  concentration  is  required  to 
produce  the  same  degree  of  activation  as  at  pH  7.  For  this  reason 
we  might  assume  that  a metabolically  induced  acidification  of  the 
cell  medium  could  induce  an  uncoupling  of  excitation  and  contrac- 
tion in  arterial  smooth  muscle,  but  the  same  metabolic  acidification 
would  not  have  such  an  effect  in  the  case  of  the  skeletal  muscle 
contractile  system. 

A second  important  difference  of  the  arterial  and  skeletal 
system  concerns  the  absolute  ATP  splitting  rate.  In  skeletal 
muscle  actomyosin  up  to  10  moles  of  ATP  are  split  per  one  mole  of 
myosin  in  1 second,  which  means  that  one  molecule  of  myosin  splits 
one  ATP  within  about  100  msec.  In  smooth  muscle  the  ATP  splitting 
reaction  takes  at  least  10  seconds,  i.e.  the  ATP  splitting  rate 
is  about  0.1  mole  cf  ATP  per  mole  of  myosin  per  second.  In  other 
words  the  speed  of  ATP  splitting  is  presumably  about  100  times 
slower  in  the  smooth  muscle  actomyosin  compared  with  the  striated 
muscle  actomyosin.  What  does  this  mean  in  terms  of  the  cross- 
bridge  cycle  of  smooth  muscle? 

It  is  likely  that  one  molecule  of  ATP  is  split  in  each  cyclic 
operation  of  a cross-bridge.  The  low  enzymic  activity  of  arterial 
actomyosin  then  probably  means  that  cross-bridges  of  arterial 
smooth  muscle  operate  only  once  every  10  seconds  in  contrast  to 
Frog  sartorius,  where  they  mav  operate  about  10  times/second  in 
order  to  maintain  tetanic  tension.  During  the  tension  maintenance 
the  energy  derived  from  ATP  splitting  is  used  for  the  internal 
work,  presumably  the  work  done  in  stretching  the  elastic  parts  of 
the  cross-bridges  during  the  rotational  movement  of  a myosin  head. 


Myosin  with  Aetin 
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In  smooth  muscle  one  cycle  is  performed  within  about  10  seconds 
and  in  this  length  of  time  one  molecule  of  ATP  is  split.  In 
striated  muscle  100  molecules  of  ATP  would  be  split  and  100  cross- 
bridge  cycles  would  be  performed  in  the  same  length  of  time.  This 
means  that  much  more  energy  has  to  be  expended  to  maintain  tension 
in  striated  muscle  than  in  the  case  of  smooth  muscle.  Smooth  mus- 
cle is  indeed  very  economicrl  in  maintaining  tone,  because  its 
cross-bridge  cycling  is  so  slow.  Once  the  cross-bridges  attach  to 
the  actin  they  obviously  hold  on  to  it  for  a very  long  time,  they 
don’t  let  it  go  as  quickly  as  they  do  in  the  case  of  skeletal  mus- 
cle. In  other  words,  cross-bridges  do  not  readily  detach  from 
actin  once  they  are  attached.  The  rate  constant  of  detachment 
which  is  produced  by  the  action  of  ATP  should,  if  this  schema  is 
correct  be  much  slower  than  in  the  case  of  skeletal  muscle  acto- 
myosin.  The  detachment  is  - as  we  have  seen  - brought  about  by 
the  intervention  of  ATP  which  separates  the  reaction  partners, 
actin  and  myosin. 

This  reaction,  namely  the  separation  of  actin  and  myosin  by 
ATP,  can  indeed  be  investigated  in  vitro  with  isolated  actin  and 
myosin.  The  question  arises  then  whether  in  the  in  vitro  reaction 
too,  the  dissociation  of  the  act  in-myosin-complex  by  ATP  is  very 
much  slower  in  smooth  muscle  than  in  striated  muscle.  That  this 
is  so  has  recently  been  demonstrated  by  Mrwa  in  collaboration  with 
D.  Trentham  in  Bristol. 

The  principle  of  this  measurement  is  briefly  the  following: 
if  actin  and  myosin  are  mixed  together  they  form  a highly  viscous 
turbid  actomyosin  which  lets  very  little  light  pass  through.  In 
other  words  the  light  absorbence  is  extremely  high.  Addition  of 
ATP  dissociates  the  actomyosin  complex,  therefore  the  light  scatter- 
ing decreases  and  hence  more  light  passes  through;  in  other  words, 
the  apparent  absorbency  decreases.  The  time  course  of  the  absor- 
bence change  reflects  then  the  time  course  of  the  actin-myosin  dis- 
sociation. Now  let  us  see  how  this  time  course  differs  in  acto- 
myosin of  skeletal  and  smooth  muscle  (Fig. 84).  The  speed  of  the 
exponential  reaction  can  be  expressed  by  the  time  constant,  i.e., 
by  the  time  required  to  reach  about  two  thirds  of  the  final  drop 
of  absorbency.  The  reciprocals  of  these  values  reflect  the  first 
order  rate  constants.  They  are  20/sec  in  the  case  of  skeletal 
muscle  actomyosin  and  4/sec  in  the  case  of  smooth  muscle  actomyo- 
sin. Hence  it  may  be  concluded  that  ATP  dissociates  actomyosin 
from  striated  muscle  much  nore  quickly  than  in  the  case  of  the 
contractile  proteins  of  smooth  muscle.  The  rate  constants  arc 
also  dependent  howeve-  on  the  concentration  of  ATP,  increasing 
with  increases  in  the  concentration  of  ATP.  In  the  myosins  of 
seriated  muscle  i here  is  a dependency  on  ATP  concentration  also, 
but  the  ATP  concentrations  required  to  produce  a dramatic  dissocia- 
tion effect  are  much  smaller  than  in  smooth  muscle  contractile 
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proteins  and  it  is  also  seen  that  at  all  concentrations  of  ATP  saooth 
■uncle  actin-ayosin  dissociation  proceeds  at  a slower  rate  than  the 
dissociation  of  striated  auscle  contractile  proteins.  This  results 
fro*  the  tendency  of  the  saooth  auscle  ayosin  cross-bridge  to  hold 
on  to  the  actin  for  a long  tiae,  a property  which  is  one  of  the 
reasons  for  the  high  holding  econoay  of  saooth  auscle  on  the  other 
hand,  and  for  its  slowness  on  the  other  hand. 

What  general  conclusions  can  be  drawn  from  these  findings? 

First  it  is  seen  that  in  arterial  contractile  proteins  there  is  a 
high  ATP  requireaent  of  at  least  5 ailliaolar  for  a proper  function. 
If  under  certain  aetabolic  conditions  the  ATP  concentration  should 
drop  below  this  concentration  in  the  living  cell,  the  proper  func- 
tion of  the  contractile  systea  is  not  guaranteed,  the  function  of 
the  contractile  cross-bridge  cycle  aay  then  be  iapaired,  especially 
relaxation,  which  is  the  dissociation  of  actin  and  ayosin. 

Second,  it  has  been  shown  that  saooth  auscle  actoayosin  dis- 
sociation by  ATP  is  slower  than  striated  auscle  actoayosin  dissocia- 
tion. Obviously  one  of  the  essential  rate  constants  of  the  saooth 
auscle  cross-bridge  cycle,  i.e.,  the  dissociation  cf  the  bridge 
froa  the  actin  by  the  intervention  of  ATP  is  very  auch  slower  than 
in  the  case  of  skeletal  auscle.  Of  course,  theoretically,  this 
difference  aay  be  due  to  each  of  the  two  reaction  partners,  i.e. 
it  aay  be  due  to  either  actin  or  ayosin.  But  in  fact  it  can  be 
shown  that  the  essential  difference  lies  within  the  saooth  auscle 
ayosin  and  not  within  the  actin,  for  the  saae  slow  kinetics  of 
actoayosin  dissociation  can  also  be  found  in  hybrid  actoayosins 
aade  froa  arterial  ayosin  and  skeletal  auscle  actin.  In  addition 
we  have  seen  that  not  only  one  of  the  essential  steps  of  the  cross- 
bridge cycle,  i.e.  the  dissociation  of  the  bridge  froa  actin,  is 
very  slow  in  saooth  auscle,  but  the  whole  cross-bridge  cycle  is 
indeed  slower.  This  has  been  inferred  froa  aeasureaents  of  the 
enzyaatic  activity  which  have  shown  that  the  rate  of  ATP  splitting 
by  saooth  auscle  actoayosin  is  about  100  tines  slower  than  the 
rate  of  splitting  by  skeletal  auscle  actoayosin. 

Again,  in  this  case  too,  the  essential  enzyaatic  activity  is 
due  to  a difference  of  the  ayosin  partner  and  not  to  differences 
of  the  actin  partner.  One  should  then  investigate  in  what  respect 
the  ayosin  of  saooth  auscle  differs  structurally  froa  the  striated 
auscle  ayosin.  Due  to  the  investigations  of  Mrwa  and  Trenthaa  one 
already  knows  that  presumably  the  content  of  tryptophane  and  tyro- 
sin  is  lower  in  the  saooth  auscle  preparation;  also  saooth  auscle 
ayosin  contains  only  two  so-called  light  chains,  while  striated 
auscle  myosin  contains  three  light  chains  per  aolecule. 

In  this  brief  report  I have  tried  to  show  you  some  enzyaatic 
differences  between  the  ayosins  of  smooth  and  striated  auscle. 
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differences  which  may  be  functionally  significant  because  they  are 
presumably  the  reason  for  the  slow  cross-bridge  cycling  in  smooth 
muscle  contractile  systems  and  htnce  for  the  slowness  and  the  high 
holding  economy  of  the  smooth  muscle.  Using  similar  techniques 
it  may  also  be  possible  later  on  to  demonstrate  not  only  differences 
between  smooth  and  striated  muscle  myosin,  but  possibly  also  be- 
tween myosins  from  normal  and  diseased  smooth  muscle.  But  this  is 
for  the  future. 

DR.  ADAMS:  I propose  to  compare  the  enzyme  histochemistry 

of  arterial  smooth  muscle,  bronchial  smooth  muscle  and  two  groups 

of  phagocytes-reticuloendothelial  macro- 
phages and  atheroma  lipophages.  The 
enzymes  surveyed  do  not  represent  a 
complete  range  of  available  histochemical 
techniques,  but  rather  were  deemed  relevant  to  a comparison  of  these 
various  cell  types. 


Histochemistry  of 
Smooth  Muscle 


As  can  be  seen  from  Table  XV,  all  four  cell-types  contain 
NADH2- reductase  and  a variety  of  other  dehydrogenases  (1,  429). 
However,  amongst  those  we  have  tested,  it  is  only  succinic  dehydro- 
genase that  discriminates  amongst  these  cell  types.  Arterial  smooth 
muscle  predominantly  respires  anaerobically,  as  shown  by  its  low 
content  of  succinic  dehydrogenase.  By  contrast,  bronchial  smooth 
muscle  contains  an  abundance  of  succinic  dehydrogenase,  which  may 
reflect  its  proximity  to  atmospheric  oxygen.  Intestinal  and  ure- 
teric smooth  muscle  occupy  an  intermediate  position  in  their  ac- 
tivities of  succinic  dehydrogenase  (2).  Most  macrophages  seem  to 
respire  anaerobically  (175),  but  the  pulmonary  alveolar  macrophage  - 
like  bronchial  muscle  - respire  aerobically  (175). 

Non-specific  esterase  is  an  enzyme  of  uncertain  function.  It 
is  distributed  among  all  the  cell-types  under  consideration,  but 
its  activity  in  arterial  smooth  muscle  varies  among  different  spec- 
ies (See  footnote  to  Table  XV) . An  interesting  feature  about  this 
enzyme  is  that  it  is  one  of  several  enzymes  which  are  present  in 
high  concentration  in  the  arterial  smooth  muscle  of  atheroma-resis- 
tant species  and,  conversely,  are  relatively  inactive  in  the  muscle 
of  atheroma-susceptible  species  (429).  The  high  activity  of  non- 
specific esterase  in  the  rat  and  low  activity  in  the  rabbit  and  man 
es  exemplary.  Wolman  (427)  cc  isiders  that  non-specific  esterase  at 
pH  5.5  is  equivalent  to  lysosomal  acid  lipase,  and  it  has  been 
suggested  that  one  fraction  of  this  lipase  can  hydrolyse  cholesterol 
esters  (194).  The  esterase  at  low  pH  shows  a similar  species  vari- 
ability to  the  enzyme  at  neutral  pH. 

Non-specific  cholinesterase  distinguishes  smooth  muscle  from 
the  macrophage  and  atheroma  lipophage,  but  the  activity  in  vascu- 
lar smooth  muscle  is  too  variable  amongst  the  different  species 
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examined  to  be  reliable  for  this  purpose  (See  footnote  2 to  Table  XV). 
Nobody  knows  what  this  enzyme’s  function  Is  but  perhaps  muscle  poss- 
esses the  non-specific  enzyme  to  protect  its  cholinergic  receptors 
from  being  swamped  and  confused  by  an  excess  of  non-specific  choline 
esters  (i.e.,  those  that  are  not  acetyl  choline).  Alternatively, 
non-specific  cholinesterase  may  protect  true  cholinesterase  from  the 
action  of  non-specific  inhibitors  (197). 

Phosphorylase  also  distinguishes  smooth  muscle  from  the  two 
phagocytes  being  discussed,  but  again  is  variable  in  vascular  smooth 
muscle  among  the  species  examined  (see  footnote  3 to  Table  XV). 

Acid  phosphatase  is  a marker  for  lysosomes,  and  not  unnaturally  is 
prominent  in  phagocytes  and  undemonstrable  in  normal  smooth  muscle. 
Alkaline  phosphatase  is  usually  regarded  as  a marker  for  endothelium 
in  smaller  blood  vessels  and  is  absent  from  smooth  muscle  fibers  (1). 
Pyrophosphatase,  as  shown  by  a technique  being  developed  by  Dr. 

Brian  McArdle,  is  prominent  in  smooth  muscle  but  absent  from  the 
phagocytes,  but  again  the  smooth  muscle  reaction  varies  between 
species  (see  footnote  2 to  Table  XV) . Leucine  aminopeptidase  is 
absent  from  all  four  cell  types. 

The  most  useful  enzyme  for  distinguishing  the  reticuloendothe- 
lial phagocytes  (histiocyte  and  macrophage)  from  all  smooth  muscle 
and  from  the  atheroma  lipophage  is  the  catalase  reaction  (2).  The 
Novikoff-Goldfischer  (241)  technique  with  diaminoDcnzidine  (pH  9) 
distinguished  cyanide  resistant  catalase  in  macrophages  from  the 
cyanide-resistant  benzidine  peroxidase  (pH  7)  in  granulocytes  and 
erythrocytes.  In  practice,  considerable  cross-reactivity  is  seen 
in  these  cells  when  the  "catalase"  and  "benzidine-peroxidase"  tech- 
niques are  applied  without  the  relevant  inhibitors,  but  this  does 
not  affect  the  value  of  catalase  as  a marker  to  distinguish  macro- 
phages from  smooth  muscle  and  atheroma  lipophages.  The  relevance 
of  this  distinction  to  atherosclerosis  is  discussed  on  page 

DR.ZEMPLENYI:  I will  begin  with  a brief  review  of  some  of 

the  evidence  pointing  to  tissue  hypoxia  as  an  important  factor  in 

the  intermediary  metabolism  of  the 
Aging  and  Hypoxia  artery.*  Afterwards,  I plan  to  discuss 

in  Smooth  Muscle  the  reasons  for  choosing  cultured  arter- 

Coll  Cultures  ial  smooth  muscle  cells  as  a convenient 

model  to  clarify  the  mechanisms  of  the 
effect  of  hypoxia.  Finally,  I will  show  our  results  obtained  with 
smooth  muscle  cultures. 


* This  contribution  was  prepared  as  "Studies  on  the  Effect  of 
Hypoxia  on  Arterial  Smooth  Muscle  Cell  Cultures",  J.F.  May, 
T.  Zemplenyi,  W.  J.Paule,  V.K.Xalra,  D.H.Blankenhom,  and 
A.F.  Brodie,  of  the  University  of  Southern  California, 

Los  Angeles,  California. 
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TABLE  XV 


ENZYME  HISTOCHEMISTRY  OF  SMOOTH  MUSCLE 


Smooth  muscle 
Arterial  I Bronchial 


Macrophages  Atheroma 
lipophages 


XADH2~reductase 


Nonspecific  esterase  ♦ * 

Nonspecific  cholinesterase 
Phosphorylase  +3 

Acid  PhosphaUse 
Pyrophosphatase  ♦2 

Alkaline  Phosphatase 
Leucine  Aminopeptidase 
Catalase 

Benzidine  Peroxidase 

1.  Rat  strong,  human  and  rabbit  weak 

2.  Rat  and  rabbit  strong,  human  -re 

3.  Rabbit  strong,  human  and  rat  -ve 
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Ic  has  been  shown  by  Wolkof f in  1923  that  in  a fully  developed 
adult:  coronary  artery,  the  thickness  of  the  subendothelial  layer 
aay  exceed  the  thickness  of  the  media  (426).  It  consists  not  only 
of  a musculo-elastic  layer,  but  also  of  an  elastic-hyperplastic 
layer  and  sometimes  even  of  an  innermost  connective  tissue  layer 
containing  a high  proportion  of  collagen.  Since  the  oxygen  supply 
of  such  an  artery  is  almost  entirely  dependent  upon  diffusion  from 
the  lumen,  the  thicker  the  intima,  the  more  impaired  will  become 
the  deeper  layers  of  the  arterial  wall.  The  oxygen  supply  of  the 
thin  venous  wall  derived  from  the  lumen  is  much  more  advantageous, 
and  this  can  be  inferred,  for  example,  from  a comparison  of  the 
lactate  dehydrogenase  isoenzyme  pattern  of  arterial  and  venous 
tissue. 


rts  Fig. 35  shows  the  distribution  of  LDH  isoenzymes  in  pig  aorta 
and  vena  cava.  The  left  bars  represent  averages  of  aortic,  and 
the  right  ones  tverages  of  venous  findings  together  with  the  stan- 
dard errors  of  the  means.  One  can  see  very  clearly  the  prevaleu-.e 
of  the  faster-moving  fractions  in  the  veins  with  the  absence  of 
any  activity  in  the  last  two  slow-moving  fractions.  In  the  aortas, 
on  the  other  hand,  there  is  a definite  shift  of  activity  toward 
the  more  slowly-moving  electrophoretic  fractions  (430). 


For  interpretation  of  this  and  similar  data,  we  must,  of 
course,  bear  in  mind  that,  according  to  the  theory  of  Dewson  et  al. 
(74),  the  slow-moving  cathodic  LDH  fractions  are  the  principle  iso- 
enzymes in  anaerobically  metabolizing  tissues,  while  the  fast-moving 
fractions  are  the  most  abundant  isoenzymes  in  tissues  where  a steady 
supply  of  energy  is  maintained  by  oxidation.  Despite  some  possible 
doubt  as  to  the  general  validity  of  this  hypothesis,  the  prevalent 
consensus  is  that  LDH  Isoenzyme  patterns  reflect  long-term  meta- 
bolic conditions  of  oxygen  availability. 


sum—  Fig. 85  shows  that  in  atherosclerotic  human  arteries  the  pre- 
vailing LDH  isoenzyme  fraction  is  the  slow-moving  anaerobic  LDH 
electrophoretic  band.  This  is  in  sharp  contrast  with  the  pattern 
observed  in  healthy  human  or  pig  arteries  where  the  fast-moving 
aerobic  fractions  are  dominant.  These  findings  agree  with  data 
by  Lojda  and  Fric  (202)  who  observed,  in  addition,  that  in  arteries 
of  children  the  aerobic  fractions  showed  the  highest  activities. 

It  appears  that  a slightly  injured  artery  also  has  to  depend 
more  on  glycolysis  than  does  a healthy  artery.  For  example,  Lindy 
et  al  (201)  observed  that  damage  caused  by  pulling  an  inflated 
balloon  catheter  through  the  rabbit  aorta  resulted  in  elevation  of 
anaerobic  LDH  Isoenzymes.  Hypertension  had  the  same  effect  in  the 
experiments  of  Will  (421)  using  miniature  pigs. 

There  exist,  of  course,  other  data  corroborating  the  import- 
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Figure  K A:  Distribution  of  LDH  isoenzymes  in  19  pig  aortae  and  «tm  cavae.  (From  Zempienyi 
and  Blankenhorn.  Angioiogica  9:439.  1972.  with  permission  of  the  editor  and  pubNdwr  of 
Angioiogica!. 
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Figure  99  •:  Cellulose  acetate  electrophoresis  of  LDH  itoerwymes  in  normal  human  and  pig  artery 
and  in  atheroscderotic  human  artery.  (From  Zempienyi  and  Blankcnhorn,  Angioiogica  9:429. 
1972,  with  permission  of  the  editor  and  publisher  of  Angioiogica). 
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ance  of  oxygen  availability  in  atherogenesls.  From  the  work  of 
Astrup  et  al  (17),  Helin  and  Lorenzen  (145),  and  others,  it  is  known 
that  tissue  hypoxia  is  an  essential  factor  in  accelerating  experi- 
mental as  well  as  human  atherosclerosis.  It  was  suggested  that 
the  underlying  mechanism  consists  of  increased  arterial  permeabill  y 
as  a result  of  hypoxia.  There  is  good  evidence  in  this  regard  from 
the  work  of  other  investigators  as  well.  However,  insufficient 
oxygen  supply  was  reported  also  to  stimulate  arterial  lipogenesis. 
The  work  of  Kresse  et  al  (190)  and  of  Filipovic  and  Buddecke  (99) 
demonstrates,  for  example,  that  under  hypoxic  conditions  in  the 
cms  healthy  calf  aorta  there  can  be  detected  an  unequivocal  increase 
of  incorporation  from  labeled  acetate  into  triglycerides  and 
fatty  acids.  Furthermore,  Howard  (153)  found  a substantial  Increase 
of  (2-14c)  glucose  incorporation  into  total  lipids  under  hypoxic 
conditions. 

Let  us  now  turn  our  attention  to  the  arterial  smooth  muscle 
cell.  It  is  clear  to  the  participants  of  this  symposium  that  al- 
though as  early  as  70  years  ago  some  German  pathologists  suggested 
involvement  of  intimal  smooth  muscle  cells  in  atherosclerotic 
lesions  (for  details  see  Geer  and  Haust,  113),  such  a role  for 
smooth  muscle  cells  has  been  considered  unlikely  and  has  been  almost 
completely  neglected.  However,  the  application  of  electron  micro- 
scopy and  immunochemical  techniques  to  this  problem  has  confirmed 
that  the  arterial  smooth  muscle  is  a key  component  of  the  athero- 
sclerotic lesion  (113,  427). 

It  is  conceded  that  the  great  majority  of  the  foam  cells  of 
the  lesion  are  smooth  muscle  cells  filled  with  lipid  and  that  only 

a slight  fraction  are  perhaps  macrophages 
Smooth  Muscle  Cells  that  might  have  ingested  lipid  prior  to 

as  Foam  Cells  entering  the  artery  from  the  blood.  The 

formation  of  foam  cells,  which  is  a focal 
process  is  associated  with  proliferation  of  the  Intimal  smooth  mus- 
cle cells.  Studies  using  tritiated  thymidine  or  mitotic  indices 
after  colchicine  injection  have  unequivocally  demonstrated  an  in- 
crease in  smooth  muscle  cell  multiplication  in  response  to  local 
injury  as  well  as  to  cholesterol  feeding  (216,  393).  According  to 
Buc!-  (54),  following  vascular  injury  there  is  proliferation  of 
smooch  muscle  cells  in  the  media  and  entrance  into  the  inlima  either 
through  fenestrations  or  ruptures  in  the  internal  elastic  membrane. 

.'he  proliferating  smooch  muscle  cells  produce  connective  tissue 
elements  as  well.  This  was  demonstrated  by  incorporation  of  tri- 
tiated lysine  into  elastin  and  of  labeled  sulfate  into  mucopoly- 
saccharides. The  elegant  experiments  of  koss  and  Glomset  (317) 
indicate  that  endothelial  injury  in  vivo  may  promote  smooth  muscle 
cell  proliferation  by  Increasing  the  concentration  of  plasma  pro- 
teins, especially  low  density  lipoproteins,  in  the  extracellular 
fluid  of  the  arterial  wall. 
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However,  Che  stimulus  for  and  Che  aechanimsas  of  transformation 
of  Che  saooth  Muscle  cell  inCo  Che  lipid  filled  foam  cell  are  noC 
clear.  The  role  of  hypoxia  in  chis  regard  is  suggesced  froa  studies 
by  Robercson  (296).  Using  hucan  and  aniaal  InCiaal  cells,  he  ob- 
served chac  one  Cype  of  flac  polygonal  cells  ("acherophlls")  changed 
under  unfavorable  envlronaencal  condicions,  including  hypoxia,  inCo 
"acherocyces".  Oxygen  concentrations  below  52  induced  significant 
increases  in  incorporation  of  exogenous  cholesterol  by  these  cells. 


In  view  of  these  and  siailar  data,  we  felt  it  iaportant  to 
study  in  aore  detail  the  effect  of  hypoxia  on  the  aorphology  and 

biocheaistry  of  the  arterial  saooth  auscle 
Hypoxia  and  Aging  cell  in  culture.  Saooth  auscle  cultures 

were  obtained  from  tl  aedia  of  aortas 
eta  of  3-4  week  old  piglets.  After  twc  weeks  in  culture,  as  shown  in 
Fig. 86  saooth  auscle  cells  are  fusifom  to  stellate.  Nuclei  are 
vesicular  and  are  centrally  located.  Mitochondria  and  other  organ- 
elles are  also  seen. 


Fig.87  shows  cells  after  five  weeks  in  culture.  They  have  a 
stellate  appearance  while  their  population  is  sparse,  and  they 
assuae  a fusifora  shape  as  they  increase  in  number.  Most  of  the 
granules  in  the  cytoplasa  arc  Mitochondria,  but  some  are  lysosoaes. 
The  filaaentous  cytoplasa  is  indicative  of  bundles  of  ayofilaaents. 

As  the  cultures  age,  the  cells  becoae  confluent,  line  up  in  groups, 
and  becoae  polarized. 

As  shown  in  Fig. 88  the  presence  of  ayofilaaents  was  co-tfiraed 
by  the  use  of  silver  stain.  This  appearance  reaained  stable  over 
a period  of  aore  than  five  Months.  Fig. 89  is  an  electron  Micro- 
graph of  cultured  cells  after  five  aonths.  The  cells  have  an  appear- 
ance which  is  very  siailar  to  saooth  auscle  cells  in  the  intact 
aorta.  The  nucleus  (N)  is  oval  and  contains  dense  areas  of  chroma- 
tin. The  cytoplasa  is  packed  with  ayofilaaents  (MF)  and  small 
aaounts  of  rough  endoplasaic  reticulua  (ER).  Characteristic  exceed- 
ingly dense  mitochondria  of  saooth  auscle  are  seen  at  "M".  A few 
lysosoaes  are  evident,  and  a basal  laaina  (BLj  is  apparent.  Extra- 
cellular fibril’ar  Material,  aost  likely  elastin,  is  also  to  be 
seen. 


In  the  experiments  dealing  with  hypoxia,  experlaental  flasks 
were  placed  in  an  incubator  containing  an  atmosphere  of  52  O2, 

902  N2t  and  52  C02,  or  of  22  02,  932  N2  and  52  C02;  control  flasks 
wee?  placed  in  an  incubator  containing  an  atmosphere  of  952  air 
and  52  C02.  All  cultures  were  maintained  at  37  degrees  C. 

It  was  observed  that  the  hypoxia  population  exhibited  a slower 
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rate  of  growth,  which  was  evident  as  soon  as  24  hours  after  the 
beginning  of  the  experiment.  Fig. 90  is  an  example  of  medial  cells 
cultured  under  controlled  conditions.  As  the  cells  attain  con- 
fluency  they  assume  an  organized  pattern  with  cells  oriented  paral- 
lel to  each  other.  After  becoming  confluent,  they  then  grow  in 
multiple  overlapping  layers.  During  exposure  to  hypoxic  atmospheres, 
as  shown  in  Fig. 91,  the  cells  assumed  a disorganized  pattern  and 
began  to  accumulate  lipid  in  scattered  focal  areas  throughout  the 
flasks. 

Figs. 92  and  93  show  hypoxic  cultures  at  a later  stage.  The 
refractile  area.-;  hav  • enlarged  into  mound-like  structures.  Oil  red 
0 confirmed  the  presence  of  lipid  droplets  in  these  structures  and 
the  cells  surrounding  them  (Figs. 94  and  95).  Elastin  (or  pro-elastin) 
and  mucopolysaccharide  also  accumulated  as  indicated  by  a positive 
reaction  to  aldehyde  fuchsin  and  PAS  stains. 

Some  of  the  biochemical  findings  in  cultured  cells  are  of  in- 
terest. The  results  obtained  thus  far  indicate  a higher  activity, 
expressed  on  a DNA  basis,  of  glycolytic  enzymes  compared  with  Krebs- 
cycle  enzymes  in  homogenates  from  the  cells.  The  activities  of 
glycerol- 3-phosphate  _ehydrogenase  and  glycerol  kinase  are  Higher 
than  the  activities  observed  in  homogenates  from  corresponding  in- 
tact tissue.  The  mitochondria  exhibit  levels  of  cytochromes  b,  c, 
a,  and  a3  comparable  to  those  observed  in  aortic  tissue.  These 
mitochondria  utilize  succinate  and  NAD-linked  substrates,  the  rate 
of  oxidation  being  lower  with  the  latter  substrates  than  with  succi- 


Hypoxia  of  such  short  duration  as  used  in  these  experiments 
does  not  appear  to  induce  unequivocal  and  consistent  changes  in  the 
activities  of  the  enzymes  studied.  A shift  of  the  LDH  isoenzyme 
pattern  toward  the  more  anaerobic  fractions  could  be  detected  in 
all  experimental  studies  thus  far.  Furthermore,  hypoxia  induces 
an  increase  in  the  activity  of  most  enzymes  so  far  investigated  as 
long  as  the  cultures  are  comparatively  young  (9  - 12  weeks).  This 
nffe-t  is,  however,  more  pronounced  with  glycolytic  enzymes  and  as 
the  cultures  become  older,  the  activity  of  Krebs  cycle  enzymes  tends 
to  decline  under  hypoxic  conditions.  In  addition,  as  shown  in  Table 
XVI,  in  the  hypoxic  cells  an  increase  of  the  glycerol-3-phosphate, 
lactate  and  NADH/NAD  level  and  a decreased  ATP/ADP  ratio  could  be 
detected.  All  these  changes  can  be  considered  favorable  for  the 
synthesis  of  triglycerides  and  phospholipids. 

Although  aging  of  cells  as  weli  as  hypoxia  appear  to  induce 
some  changes  necessary  for  increased  lipid  synthesis,  such  as  the 
elevation  of  glycerol-3-phosphate  levels,  synthesis  of  lipids  need 
not  be  the  only  or  principle  factor  causing  accumulation  of  lipids 
in  the  cells.  The  medium  in  which  the  cells  are  normally  grown 
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TABLE  XV! 


Steady-State  Levels  of  Some  Metabolites  in  Pig  Arterial  Smooth 
Muscle  Cells  Cultured  Under  Hypoxic  Conditions. 
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TABLE  XVM 

Incorporation  of  orthophosphate  and  3H  oleic  acid  into  normal 
and  atherosclerotic  rabbit  aortas  perfused  simultaneously  at  phys- 
iological pressure  with  Kreba  bicarbonate  buffered  Ringer  contain- 
ing 4 g/100  *u  bovine  serum  albumin.  Phosphate  concentrations 
0.944  umoles/ml  in  all  carats.  The  units  are  nmoles/g  dry  defatted 
tissue/hour,  and  each  figure  is  the  mean  of  six  observations. 
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contain*  102  calf  serum.  When  the  concentration  of  serum  is  de- 
creased, lipid  accumulation  - as  seen  microscopically  - becomes 
less  conspicuous.  This  may  indicate  that  under  hypoxic  conditions 
increased  cell  permeability  or  a decreased  metabolic  barrier  is 
the  major  factor  causing  accumulation  of  lipids.  It  is  possible, 
however,  that  factors  in  the  serum,  similar  to  those  inducing  cell 
proliferation,  stimulate  the  cell  o synthesize  more  lipid.  It  is 
also  possible  that  the  cells  under  hypoxic  conditions  are  unable  to 
oxidize  fatty  acids,  resulting  in  lipid  accumulation.  Further  stu- 
dies are  evidently  needed,  and  such  studies  are  under  way  in  our 
laboratories. 


CALF 


I 


I 

II 


DR.  DAY:  I wish  to  add  to  the  remarks  made  by  Dr.  Stein  yes- 

terday regarding  the  metabolism  by  arterial  smooth  muscle  cells  in 

tissue  culture.  Re  described  the  syn- 
Phospholipid  Metabolism  thesis  of  phospholipid  by  the  medial 
in  Arterial  Wall  cell  layer  of  the  artery  and  by  smooth 

muscle  cells  in  culture  using  choline 
and  fatty  acid  as  precursors.  It  is  interesting  to  note  that  when 
32p  phosphate  is  used  as  a precursor  for  phospholipid  synthesis 
in  studies  on  arterial  wall  metabolism  that,  in  the  medial  layer, 
most  of  the  32p  phosphate  is  incorporated  into  phosphatidyl  inosi- 
tol (237,  433).  We  have  recently  studied  the  uptake  and  incorpora- 
tion of  32-.  phosphate  into  various  phospholipids  by  arterial  smooth 
muscle  cells  in  tissue  culture  (75).  In  these  rapidly  growing  <»lls 
also  phosphatidyl  inositol  turnover  is  extremely  high.  The  signi- 
ficance of  this  high  phosphatidyl  inositol  turnover  is  not  clear 
but  could  perhaps  be  discussed. 

1 would  also  like  to  refer  to  other  preliminary  studies  carried 
out  with  smooth  muscle  cells  in  tissue  culture  (75)  where  an  attempt 
was  made  to  assess  the  incorporation  of  oleic  acid  into  the  -oles- 
terol  ester  fraction  of  the  cell.  As  has  been  observed  for  normal 
aortic  wall  preparations  only  a small  proportion  of  the  fatty  acid 
taken  up  by  the  cells  was  incorporated  into  the  cholesterol  ester 
fraction. 


DR.  BOWVER:  I should  like  to  comment  on  the  question  of  phos- 

pho-lipid  synthesis  in  the  arterial  wall.  Peter  Davies  and  I have 
made  extensive  studies  of  the  incorporation  of  radioactively  labeled 
precursors  into  the  phospholipids  of  perfused  segments  of  rabbit 
aorta.  In  these  experiments  the  segments  were  perfused  with  32p 
orthophosphate  and  ^r  oleic  acid  together  in  the  saa»e  perfusate. 

We  measured  the  absolute  incorporation  of  these  precursors  into 
phospholipids,  separated  by  micro  thin-layer  chromatography,  of 
aortas  of  normal  rabbits  at  fatty  acid  concentrations  varying  from 
a low  co  a moderately  high  physiological  level.  The  results  are 
given  in  Table  XVII,  which  shows  the  absolute  incorporations  into 
various  phospholipids  assuming  that  the  specific  activities  of 
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precursors  In  the  arterial  wall  are  the  same  as  in  the  perfusate. 

As  the  fatty  acid  concentration  is  increased  in  the  perfusate, 
there  is  on  expected  increase  in  incorporation  into  the  phospho- 
lipids, but  this  is  not:  accompanied  by  an  increased  incorporation 
of  orthophosphate.  This  strongly  suggests  that  acylation  of  lyso- 
pbosphatides  is  occurring  as  shown  by  Stein.  It  is  possible  that 
the  lyso-phosphatide,  phosphatide  cycle  is  involved  in  controlling 
the  permeability  of  the  plasma  membranes  of  the  smooth  muscle  cells 
(and  possibly  endothelial  cells)  and  is  altered  both  by  the  type  of 
fatty  acid  and  by  hormonal  influences. 

DR.  SMITH:  I am  particularly  interested  in  Dr.  Zemplenyi's 

demonstration  that  the  lipid  which  appeared  in  the  anoxic  cultures 

appeared  to  be,  to  a large  extent,  an 
Arterial  Lipids  accmulation  from  plasma  or  from  the 

in  Aging  medium  rather  than  synthesis.  It  is  now 

quite  clear  that  the  arterial  wall  con- 
tains large  amounts  of  plasma  components,  thus  these  cultures  seem 
to  relate  closely  to  the  sort  of  situation  that  you  might  find  in 
the  wall.  The  intimal  cells  are  bathed  in  lipoprotein  and  if  they 
become  anoxic  this  sort  of  accumulation  might  occur. 

1 will  be  brave  enough  to  mention  the  fatty  streak  because  we 
agreed  in  Berlin  that  it  was  not  really  atherosclerosis.  Fatty 

mi streaks  occur  in  most  young  people,  including  healthy  accident  cases, 

and  it  is  rather  striking  that  many  of  the  fat-filled  cells  are 
right  on  the  extreme  surface  of  the  intima.  It  cannot  be  a question 
of  penetration  anoxia  there,  and  one  wonders  if  the  cell  has  some 
sort  of  metabolic  block  to  oxygen  uptake;  this  is  pure  hypothesis. 

This  question  of  the  .Large  amount  of  plasma  constituents  in 
the  arterial  wall  makes  me  feel  that  I must  comment  on  Dr.  Stein's 
presentation  on  the  phospholipids  yesterday.  I feel  that  there 
seems  to  be  some  discrepancy  between  his  observations  on  aging 
aorta  In  which  the  phospholipid  increased  relative  to  DMA  whereas 
in  the  cultures  the  total  phospholipids  decreased  relative  to  DNA. 

Now  as  I understood  it,  in  the  intact  mil,  your  hypothesis 
was  that  most  of  this  increase  was  in  fact  due  to  increasing  quan- 
tities of  plasma  membrane  (380).  But  there  is  also  a great  increase 
in  connective  tissue  components  and  in  aging  aorta  lipid  associated 
with  elascic  tissue  is  clearly  demonstrable  by  crude  light  micro- 
scopy at  a very  early  age.  I feel  that  it  is  very  important  to 
separate  the  muscle  cells  from  the  connective  tissue  components 
and  see  whether  this  sphingomyelin  increase  is  really  mainly  occur- 
ring in  the  cell,  or  is  in  the  extracellular  lipid  which  accumulates 
around  fragments  of  elastic  tissue. 
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I am  sure  that  you  are  absolutely  right  that  the  relative  im- 
balance in  sphingomyelinase  activity  is  a major  cause  of  sphingo- 
myelin accumulation  (33).  We  agree  with  your  calculation  that  al- 
though a large  amount  of  plasma  phospholipid  is  carried  into  the 
vessel  rail  in  LD-lipoprotein  only  a small  amount  of  it,  relative 
to  cholesterol,  is  retained.  Thus  large  amounts  of  Ll>-lipoprotein 
phospholipid,  which  contains  a high  proportion  of  sphingomyelin, 
must  be  eliminated.  With  increasing  lecithinase  activity  and  static 
or  decreasing  sphingomyelinase  activity  it  seems  probable  that  a 
large  part  of  the  accumulating  sphingomyelin  is  derived  from  plasma. 

1 

DR.  HAUST:  Dr.  Stein,  in  view  of  your  data  on  sphingomyelin-  j 

ase  of  the  smooth  muscle  cells,  I wonder  whether  you  had  a chance  j 

to  study  the  activity  of  this  enzyme  in  these  cells  in  Niemann- 
Pick  disease.  As  you  know,  this  disease  is  characterized  by  the 
absence  or  decreased  activity  of  a specific  sphingomyelinase  and 
consequent  accumulation  of  sphingomyelins  thus  providing  an  experi- 
ment by  Nature  to  study  the  activity  of  this  enzyme  in  the  arterial 
smooth  muscle  cells  under  the  altered  condition. 

DR.  BOWYER:  Concerning  the  accumulation  of  sphingomyelin  in 

th'  smooth  muscle  cells  of  the  aorta  in  Niemann-Pick’ s disease, 

we  have  been  able  to  investigate  this 
Niemann-Pick* s • in  one  subject,  a girl  aged  18  months.  humm 

Disease  At  autopsy  an  atheroscle*  tic  lesion 

was  formed  in  the  aortic  arch.  Lipid 
analyses  were  made  by  micro-thin-layer  chromatography  and  chemi- 
cal assay  of  the  undiseased  intima  and  underlying  media  of  the 
lesion  and  of  the  plasma.  The  results  are  shown  in  Table  XVIII 
and  compared  with  oalyses  of  undiseased  intima  and  underlying 
media  and  plasma  of  a child  of  the  same  age  without  Niemann-Pick* s 
disease. 

In  each  case  the  undiseased  intimal  and  medial  samples  were 
of  very  similar  composition.  In  the  samples  from  the  case  of 
Niemann-Pick* s disease,  however,  the  concentration  of  sphingomyelin 
was  approximately  thirty  times  greater  than  in  the  normal,  con- 
stituting 70Z  of  the  phospholipids  compared  with  15Z  normally. 

Other  phospholipids  were  slightly  raised  and  there  was  an  approxi- 
mately ten-fold  increase  in  free  cholesterol,  yet  only  a small 
increase  in  esterified  cholesterol.  This  higher  concentration 
of  free  cholesterol  may  have  occurred  because  of  a simple  physio- 
chemical  association  with  the  large  amounts  of  sphingomyelin. 

In  the  atherosclerotic  lesion  in  the  Niemann-Pick  case,  the 
sphingomyelin  concentration  was  comparable  with  the  adjacent  un- 
diseased tissue,  but  there  was  a high  concentration  of  free  and 
esterified  cholesterol  associated  with  foam  cells. 
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The  plasma  lipid  concentrations  in  the  Niemann-Pick  esse  were 
normal  end  the  sphingomyelin  concentration  was  not  raised.  Thus  it 
is  almost  certain  that  sphingomyelin  accumulation  occurred  in  the 
aortic  smooth  muscle  cells,  because  of  .allure  of  catabolism  as  in 
other  tissues.  We  were  unable  to  estimate  aortic  sphingomyelinase 
activity  because  the  tissues  were  not  sufficiently  fresh.  It  is 
interesting  that  the  aorta  of  such  a young  child  should  have  con- 
tained a foam  cell  fatty  streak.  The  premature  appearance  of  such 
a lesion  may  be  related  to  the  high  concentration  of  sphingomyelin 
and  free  cholesterol  in  the  arteries. 

DR.  Y.  STEIN:  As  to  the  question  put  by  Dr.  Haust.  Unfortun- 

ately we  did  not  have  the  opportunity  to  examine  the  aorta  of  a 
child  with  Niemann-Pick's  disease,  so  that  I am  not  able  to  answer 
whether  there  is  also  an  increase  in  the  sphingomyelin  content  of 
the  aorta  in  this  condition.  I would  like  to  ask  Dr.  Ross  whether 
with  aging  of  the  smooth  muscle  cell  in  the  Petri  dish  there  is  an 
increase  in  the  number  of  tetraplold  cells? 

DR.  ROSS:  Yes,  the  tetraploidy  does  Increase  with  increasing 

numbers  of  cell  divisions.  We  have  not  locked  at  tetraploidy  in 
terns  of  keeping  the  cells  in  the  dish  for  a longer  period  of  time, 
onJ.y  in  terms  of  increased  numbers  of  trypslnizations  toward  the 
en-J  of  the  cells  ability  to  divide.  Whether  that  is  aging  or  not, 

I cannot  say. 

DR.  BJORKERUD:  The  term  "aging”  has  been  mentioned  several 

times  during  this  meeting  and  I would  like  to  make  a comment  related 

to  this  concept.  When  it  comes  to  tissue 
Age  of  Tissue  versus  cultures  perhaps. the  concept  "aging"  and 

Age  of  Animal  "age"  is  rather  clear,  but  difficulties 

arise  when  dealing  with  such  a complex 
system  as  the  arterial  wall.  When  an  artery  consists  of  merely 
the  endothelial  layer,  the  media  and  the  adventitia  the  problem  is 
rather  simple.  However,  when  a subendothelial  intimal  layer  is 
present  it  is  not  clear  that  all  of  the  tissues  in  the  arterial  wall 
have  the  sane  age.  If  an  intimal  thickening  is  induced  experinent- 
ally  the  age  ot  the  thickening  corresponds  to  the  time  interval  be- 
tween the  induction  and  the  sampling,  while  the  age  of  the  underly- 
ing media  corresponds  to  the  age  of  the  animal,  if  the  media  was  not 
subject  to  injury  and  repair,  or,  if  it  was,  the  age  is  more  similar 
to  that  of  the  intiaa.  The  age  of  the  uninjured  segments  correspond 
to  the  age  of  the  animal.  This  is  readily  demonstrated  if  one  mea- 
sures the  incorporation  of  glucose  into  phospholipids  in  arterial 
samples  in  vitro  because  there  is  a linear  correlation  between  the 
rate  of  incorporation  per  cell  and  the  age  of  the  tissue,  but  no 
correlation  at  all  with  the  age  of  the  animal.  In  contrast,  l'  the 
incorporation  of  glucose  into  triglycerides  is  measured  in  the  same 
tissue  samples  one  finds  a non-linear  inverse  relationship  between 
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the  rate  of  incorporation  and  the  age  of  the  aniaal,  but  no  corre- 
lation whatsoever  with  the  age  of  the  tissue  (33).  In  summary, 
there  are  different  kinds  of  "age"  in  the  arterial  wall.  If  this 
is  not  taken  into  account  when  an  experiment  is  designed  "age"- 
correlated  variables  may  turn  out  to  be  disturbing  variables  and 
may  render  the  interpretation  of  the  results  difficult  or  impossible. 

DR.  ROTHBLAT:  I would  like  to  ask  a questions  concerning  aortic 

smooth  muscle  cells  in  culture.  These  cultures  have  been  described 
by  Dr.  Ross  as  having  "hills  and  valleys"  which  represent  areas 
where  they  are  growing  as  monolayers  and  other  areas  where  they  are 
growing  in  multi 'nyers.  This  might  suggest  thrt  there  is  a hetero- 
geneous populativ u of  cells,  some  of  which  continue  to  divide,  others 
which  may  never  divide.  Is  there  evidence  of  heterogeneity  in  lipid 
accumulation  and  in  thymidine  labeling  of  cells  in  these  cultures? 

DR.  FISHER-DZOGA:  For  the  first  question,  as  far  as  these 

hills  and  valleys  and  thymidine  incorporation  go,  the  whole  culture 
is  not  homogeneous.  I am  talking  now  of  primary  cultures.  Thymi- 
dine incorporation  is  not  limited  to  either  hill  or  valley  nor  is 
it  limited  to  monolayer  or  not  monolayer.  Usually  you  can  also 
find  one  or  two  sections  in  the  culture  which  do  not  respond.  We 
were  thinking  we  had  some  fibroblast  contamination  there.  Rut  now 
after  reading  Benditt's  work,  I am  not  so  sure  any  more  (25).  Maybe 
we  have  two  different  cell  typos.  Morphologically  you  cannot  tell 
them  apart.  Everything  looks  like  smooth  muscle  cells.  For  the 
secondary  cultures,  I really  cannot  answer  that  question.  Auto- 
radiographs again  indicate  that  proliferation  is  not  very  homogen- 
eous. Many  times  it  is  localized  in  certain  sections  of  the  culture. 
Lipid  uptake  is  not  at  all  homogeneous.  You  will  have  it  in  one 
section  of  the  culture  much  more  than  in  another.  Over-all  it  is 
increased  if  we  extract  lipids  but  not  all  cells  respond  in  the 
same  way. 

DR.  ROSS:  This  situation  is  really  no  different  from  any 

other  cell  culture  situation.  Dr.  Rothblat.  These  are  not  synchro- 
nized cultures,  in  terms  of  either  ENA  synthesis  or  any  other  aspect 
of  metabolism,  because  as  you  know,  depending  upon  which  particular 
macromolccules  you  are  looking  at  as  far  as  synthesis  is  concerned, 
there  are  both  direct  and/or  Inverse  correlations  between  that  and 
the  DMA  synthetic  cycle.  In  any  given  cell,  since  the  cultures 
are  not  synchronized,  one  would  not  expect  to  find  all  cells  homo- 
geneously doing  the  same  thing  at  the  same  time,  such  as  all  cells 
necessarily  taking  up  lipid  at  the  same  tine.  Now  if  that  Is  what 
you  are  calling  heterogeneous,  O.K.  If  you  mean  are  we  looking 
at  different  cell  types,  smooth  muscle  cells  versus  non-smooth 
muscle  cells,  we  are  quite  satisfied  that  we  have  uniform  homogen- 
eous cultures  of  smooth  muscle  cells,  that  there  are  no  other  cell 
types  there  because  we  know  under  our  conditions  endothelial  cells 
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do  not  survive.  In  terns  of  any  other  heterogeneity,  that  is  cell 
size  and  shape,  this  could  be  a manifestation  of  cells  in  different 
pluses  of  the  DMA  synthetic  cycle. 

DR.  BURNSTOCK:  An  issue  that  worries  me  has  come  up  in  a num- 

ber of  talks,  particularly  those  of  Dr.  Stein  and  Dr.  Ross  yester- 
day. Perhaps  you  can  clarify  it  for  me. 
The  Distinction  Between  It  is  the  problem  of  identifying  smooth 

Smooth  Muscle  Cells  and  muscle  cells  when  they  are  undifferent- 

Fibroblasts  iated  or  dedifferentiated.  What  are  the 

criteria  that  you  use  to  distinguish  them 
from  fibroblasts?  One  or  two  pictures  were  presented  yesterday  which 
were  claimed  to  be  smooth  muscle,  and  no  doubt  they  were,  but  I 
could  not  tell  how  they  differed  from  fibroblasts.  We  have  this 
trouble  all  the  time  in  culture  and  also  in  problems  like  wound 
healing.  For  example,  if  you  have  a small  wound,  the  cells  around 
the  wound  surface  dedifferentiate;  they  divide  and  as  soon  as  they 
form  a confluence  they  redifferentiate  and  the  wound  is  completely 
healed.  However,  if  it  is  a big  wound,  the  muscle  cells  go  on 
dividing  and  dividing,  but  they  do  not  seem  to  be  able  to  form  a 
confluence,  so  they  do  not  redifferentiate.  Under  these  circum- 
stances, they  get  more  and  more  fibroblast-like  and  perhaps  at  this 
stage  begin  to  produce  collagen.  Maybe  there  are  fibroblasts  also 
producing  collagen  at  the  same  site,  but  one  would  like  to  be  able 
to  distinguish  these  from  dedifferentiated  smooth  muscle.  The 
kinds  of  criteria  we  have  considered  are:  the  presence  of  plasna- 
lemmal  vesicles,  basement  membrane,  filaments,  dark  'areas'  and 
'bodies',  endoplasmic  reticulum  cell  inclusions,  and  so  on,  but  I 
would  be  very  grateful  if  someone  would  clarify  this  situation  for 


DR.  DA0UD:  In  our  tissue  culture  system  the  cells  look  like 

fibroblasts  during  the  first  few  days.  After  that,  as  you  point 
out,  in  wound  healing  the  dedifferentiate  and  in  about  three  weeks 
almost  all  of  them  are  mature  smooth  muscle  cells.  Autoradiography 
electron  microscopy  during  early  proliferation  reveals  very  little 
or  no  filament  formation.  We  can  qualitatively  demonstrate  collagen 
or  elastin  synthesis  only  after  about  seven  days.  So  actually  it 
appears  that  when  these  fibroblast-like  cells  are  dividing  they 
are  not  secreting.  And  when  they  are  secreting,  they  stop  dividing. 
May  be  there  is  a phase  between  secretion  of  myofilament  and  secre- 
tions of  material  outside. 

DR.  ROSS:  In  one  of  the  papers  I wrote  on  the  smooth  muscle 

cell  cultures  there  is  a final  paragraph  devoted  to  the  question  of 
what  Is  a smooth  muscle  cell.  We  really  don’t  know.  1 think  that 
what  we  have  been  using  for  the  moment  are  phenotypic  criteria  to 
describe  smooth  muscle  and  you  have  described  most  of  then  already. 
We  have  used  these  to  satisfy  ourselves  that  these  cells  have  these 
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traits.  What  we  probably  need  are  criteria  which  are  wore  specific 
than  the  ones  we  have  at  the  wo went.  Because  we  know  that  corneal 
epithelial  cells  sake  collagen,  it  is  certainly  not  a property 
unique  to  fibroblasts.  So  we  can't  look  at  synthesis  of  extra** 
cellular  proteins  necessarily  unless  we  can  find  one  that  only 
saooth  auscle  cells  sake.  Thus  far  I don't  know  of  one.  We  can't 
use  a baseaent  aeabrane  because  soae  saooth  auscle  cels  have  a con- 
tinuous one,  whereas  with  other  saooth  auscle  cells  the  baseaent 
aeabrane  is  irregular  or  discontinuous.  We  certainly  can't  use 
rough  endoplasaic  reticulua  developaent  to  describe  cells  as  fibro- 
blast either,  because  any  cell  that  is  asking  secretory  protein  is 
going  to  have  a rough  endoplasaic  reticulua.  So  I have  to  also 
the  question,  "What  is  a fibroblast?"  We  really  don't  know  the 
answer  to  that  question  either.  What  we  are  saying  is  that  the 
criteria  we  have  been  using  to  identify  cells  are  quite  arbitrary 
in  aany  ways  and  we  are  trying  to  find  sosm!  coaaon  denominator. 

Now  I think  there  is  an  approach  to  this  that  should  be  invest- 
igated and  probably  will  bear  soae  fruit  because  it  has  worked  for 
soae  investigators  in  helping  to  define  cell  types.  Many  cells  have 
clearly  defined  cell  surface  antigens  which  are  characteristic  — 
characteristic  is  the  wrong  word  — which  are  unique  to  those  cells. 
For  exaaple,  monocytes  do.  Neutrophils  do,  and  platelets  do,  in 
addition  to  the  histocompatibility  antigens  which  these  cells  share, 
they  do  have  unique  antigens.  We  know  nothing  about  whether  saooth 
auscle  cells  contain  such  antigens  and/or  whether  there  are  families 
of  saooth  auscle  cells  and  fibroblasts. 

I suspect  that  uterine  ayoaetrial  saooth  auscle  cells  are 
different  froa  aortic  saooth  auscle  cells,  which  aay  be  different 
froa  coronary  artery  saooth  auscle  cells.  We  don't  know.  I believe 
that  one  way  of  getting  at  this  problea  is  to  begin  to  look  at  cell 
surface  antigens  to  see  whether  they  have  unique  properties.  They 
aay  not  and  we  aay  be  back  in  the  sane  black  hole  all  over  again 
if  they  don't  in  tens  of  answering  the  question  definitively. 

That  is  a long  winded  way  of  saying  that  we  don't  have  a definitive 
answer  to  your  question. 

What  we  have  done  is  to  take  a series  of  criteria  which  we  have 
arbitrarily  applied  and  which  for  the  aoaent,  in  the  crude  sense, 
is  the  best  we  can  do.  And  I think  we  have  to  be  honest  and  adalt 
to  ourselves  that  if  you  are  going  to  pin  us  down  and  ask,  "How  do 
you  really  know  that  that  is  a saooth  auscle  cell?",  then  I have 
to  say  we  don't. 

OR.  WERTHESSEN:  Dr.  Burnstock  in  his  notion  picture  described 

an  elegant  way  to  aake  a certain  identification  of  a cell  as  a 
saooth  auscle  cell.  If  a growing  nerve  fiber  seeks  it  out,  attaches 
and  modifies  the  contractile  rhytha,  it  is  a saooth  auscle  cell. 
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Are  there  other  ways  of  asking  such  a reliable  identification? 

DR.  WISSLER:  I think  we  have  a long  way  to  go  in  terms  of 

identifying  smooth  muscle  cells  definitively  but  Dr.  Miriam  in  our 
laboratory  and  Dr.  Fisher-Dzoga  more  recently  in  cultured  cells  have 
used  iaaunohistochemistry  to  differentiate,  we  believe,  between 
adventitial  fibroblasts  and  smooth  muscle  cells.  I don't  believe 
we  can  differentiate  between  endothelial  cells  and  smooth  muscle 
cells  at  this  point  although  we  are  making  a valiant  attempt  to  see 
if  we  can  get  an  antigen  out  of  arterial  smooth  muscle  that  will 
not  stain  endothelium. 

I think  Russell  Ross's  approach  is  probably  a very  good  one  to 
follow  up  on  and  try  to  find  something  on  the  surface  of  the  cells. 

Ue  have  not  done  that.  But  for  the  moment  the  myosin  or  actomyosin 
in  smooth  muscle  can  be  stained  without  staining  whatever  contractile 
proteins  there  are  in  fibroblast  tissue.  I am  well  aware  that  gran- 
ulation tissue  fibroblasts  have  a contractile  protein  that  may  cross 
react  but  we  do  not  see  that  thus  far  in  adventitial  cells,  in  tissue 
culture  or  in  the  stained  sections. 

DR.  ROBERT:  The  question  was  raised  of  cell  membrane  markers 

as  better  signs  of  differentiation  than  the  "biological  markers" 

such  as  contraction  for  example.  1 think 
Immunologic  Specificity  that  there  is  at  least  some  evidence  that 
of  Tissue  the  structural  glycoproteins  do  carry 

organ  specificity  and  that  they  might  be 
considered  as  "differentiation  antigens".  This  was  shown  in  several 
different  types  of  experiments.  One  of  them  being  to  sensitize  rab-  hasmt 
bits  with  structural  glycoproteins  extracted  from  cornea  of  different 
species,  then  putting  lamellar  grafts  in  their  cornea  and  watching 
rejection  (292,  293).  Such  grafts  can  survive  for  a very  long  time 
on  control  animals.  Ue  have  shown  years  ago  that  if  you  sensitize 
the  rabbit  with,  for  instance,  a structural  glycoprotein  preparation 
from  calf  cornea  then  it  will  reject  specifically  this  graft,  but 
if  the  glycoprotein  used  is  from  calf  skin  then  it  will  not  (293). 

Years  ago  I met  Dr.  McCullough  from  Cambridge  whose  Ph.D.  dis- 
sertation involved  a study  of  elephants.  Ue  were  really  surprised  ilcpmani 
to  find  that  these  animals  suffer  from  severe  arteriosclerosis  and 
the  histological  modifications  resemble  the  human  pathology  a great 
deal.  Now  I would  like  to  remind  you  that  elephants  don't  eat  too 
much  lipid.  We  extracted  the  structural  glycoproteins  by  the  same 
method  used  for  the  other  tissues.  That  is  what  we  put  in  the 
non-elephant  aorta-extracts.  As  you  see  in  Fig.9'u,  the  antibody 
which  we  induced  to  human  aorta  structural  glycoprotein  did  give 
two  lines  with  this  unpur  if  led  urea  extract  from  the  elephant  aorta. 
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1 as  well  as  an  anti-serum  which  we  obtained  in  rabbits  by  injecting 
f the  calcium  chloride  extract  of  human  aorta.  But  there  were  no 

! lines  with  the  anti-serum  to  cornea  or  to  tendon  (214).  So  this 
and  several  other  experiments  which  we  carried  out  showed  that  al- 
f though  the  overall  aminoacid  composition  of  the  structural  glycc— 
t proteins  Isolated  from  various  tirsues  is  quite  similar  (286)  they 
f do  carry  a good  deal  of  tissue  specificity.  Now  this  might  be 

■ taken  as  an  argument  showing  that  they  behave  as  "differentiation 

antigens"  and  carry  slight  differences  in  their  conf  atlon  and 
that  might  be  a link  between  their  immunological  specificity  and 
the  morphological  patterns  of  the  tissues  which  synthesized  them. 

DR.  ROTHBLAT : For  a moment,  I would  like  to  come  back  to  the 

question  of  heterogeneity  in  cultures  of  aortic  smooth  muscle  cells. 
I don't  think  the  differences  among  cells  can  be  simply  explained 
on  the.  basis  of  a non-synchronized  culture.  This  might  explain  the 
thymidine  labeling  resul’-s  if  short  pulse  labeling  periods  were 
used.  It  is  more  difficult  to  explain  the  patchy  appearance  of 
vacuoles,  particularly  if  the  hyper lipeirJ  c serum  is  present  in  the 
culture  medium  for  a number  of  days.  1 don't  think  asynchrony  can 
be  the  explanation  for  the  multi-layered  and  mono-lavered  areas 
observed  after  many  weeks  in  culture.  Could  the  explanation  be 
that  there  are  various  clones  of  cells  present  in  these  cultures? 

DR.  ROSS:  Let  me  preface  my  answer  ivv  sayin,  that  this  is  an 

opinion.  We  have  not  really  examined  critically  the  question  you 
are  asking.  Observations  I have  made  suggest  that  the  answer  1 am 
going  to  give  is  correct,  but  not  necessarily  so.  I think  what  we 
are  looking  at  is  a growth  pattern  of  the  clone  and  that  this  is 
an  ascending  or  "pile  up"  rather  than  the  flat  pattern  one  sees  in 
a fib roblart  culture.  If  you  look  at  fibroblast  cultures  you  can 
identify  those  clones  because  they  become  concentric  whirls  of 
cells.  V jix  actually  set-  whe.  2 the  whorls  intercept,  separating 
clones,  not  cleanly  but  in  a fashion  one  from  another.  I think 
the  difference  we  are  seeing  is  a phenotypic  aspect  of  smooth  mus- 
cle. Thev  tend  to  grow  vertically  by  pile'  up  but  what  they  tend 
to  do  first  is  occupy  the  space  available  to  them-  1 think  we  are 
seeing  clones.  We  have  not  worked  trith  hyper lipidemic  serum.  Now 
Dr.  Fisher-Dzoga  has. 

DR.  DAOUD:  An  explant  grown  in  the  absence  of  serum  shows 

essentirlly  no  growth  at  tne  periphery.  In  the  pr  sence  of  serum 
growtl  '.s  such  as  to  suggest  the  possibility  of  clone  but  we  do  not 
know. 


DR.  ROBERTSON:  The  question  raised  by  Dr.  Ross  is  both  import- 

ant and  well  recognised  by  those  of  us  working  with  vascular  cello 
in  vitro.  In  order  to  avoid  some  of  the  possible  metabolic  and 
functional  changes  induced  by  proteolytic  enzymes  on  cell  surfrees 
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during  isolation  and  harvesting,  for  the  last  several  years  we  have 
used  a net hod  based  upon  the  tendency  of  growing  vascular  cells  to 
attach  to  glass  surfaces  (297,  298).  Our  "double  ccverslip  tech- 
nique" consists  of  fusing  the  ends  of  two  rectangular  covers lips 
together  leaving  between  the*  a space  of  1 sm.  or  less  to  hold  a 
cross  section  of  the  blood  vessel  to  be  studied.  This  allows  the 
endothelial  surface  to  be  in  intimate  contact  with  one  glass  sur- 
face and  the  adventitial  or  aedial  layer,  depending  on  the  thick- 
ness of  the  vascular  wall,  with  the  other  (Fig. 97).  In  approxi- 
mately two  to  three  weeks  for  primate  arteries  (the  time  is  consid- 
erably shorter  for  other  species  and  tissues)  two  distinct  cell 
populations  are  established  and  the  coverslips  can  then  be  separa- 
ted and  transferred  as  monolayer  cultures  to  individual  stationary 
or  rotating  culture  flasks  for  further  growth.  This  technique  has 
two  other  suijor  advantages  over  enzymatic  isolation  which  are  worth 
mentioning:  (1)  it  allows  comparative  metabolic  and  morphological 
studies  of  cell  populations  from  different  layers  of  a multilayer 
organ  such  as  the  vascular  wall;  (2)  an  autologous  environment  may 
be  used  throughout  the  entire  experiment,  allowing  the  use  of 
immunological  techniques  for  identification  of  cellular  changes. 


By  accident,  we  learned  in  our  laboratory  that  only  endothelial 
cells  are  able  to  survive  and  divide  in  1001  whole  himan  serum.  We 
have  found  this  very  helpful  in  identifying  vascular  cell  types. 

It  is  possible,  therefore,  if  you  have  a mixed  population  of  endo- 
thelial and  other  vascular  cell  types,  including  smooth  muscle 
elements,  to  identify  tht  former  by  incubation  in  whole  homologous 
sera.  The  procedure  is  both  simple  and  effective  and  could  be  con- 
sidered an  alternative  method  to  tbe  use  of  surface  antibodies  sug- 
gested by  previous  speakers. 


DR.  BECKER:  We  have  recently  been  culturing  endothelial  cells. 

We  found  that  they  contain  blood  group  antigens.  Smooth  muscle 
cells  and  fibroblasts  don't.  So,  if  you  are  working  with  monkeys 
and/or  human  tissue  in  culture  you  can  determine  tbe  donor’s  blood 
type  and  at  least  test  for  endothelial  cells. 


Immunologic  Identi- 
fication of  Tmooth 
Muscle  Cells 


ML  KKIER1EM:  1 think  we  should  go  back  shortly  to  the  prob- 

lem of  identification  of  smooth  muscle  cells  which  was  mentioned 

by  Dr.  Ross.  When  1 worked  with  Dr. 
Wissler  seven  years  ago,  we  were  able 
:o  demonstrate  smooth  muscle  cells  by 
afreet  inruno-histochemistry  using  label- 
led e.ntimyosin  and  actomyosin  (162,  183, 
184,  424,  425).  Ir.  Fig.  98a  you  can  see  quite  well  smooth  muscle 
cells  in  an  artery  of  the  bovine  kidney  stained  by  fluorescein- 
labelled  specific  anti-bovine  myosin.  You  can  see  the  internal 
elastic  membrane  stained  ami te,  the  smooth  muscle  cells  of  the 
media  green  and  outsiJe  th^  blue  fluorescence  of  the  collagen.  The 


i ri  rn  i n ' r ri  n 


[iUHtilihntri3FtrtWn  tififbttHjHUi 


INT1MA 


ADVEWTIT1A  ' 


ADVENT I T I A 


figwe  *7:  Schematic  demonstration  of  th e "double  coverslip"  technique  uted  to  isolate  vascular 
cells  from  different  arterial  I avert.  (A)  draws  itolation  ol  intrmal  and  adventitial  cells  from  a small 
muscular  artery  such  at  the  epi cardial  branch  of  coronary  artery  between  coverslipt  (a).  IBI  and 
(C)  demonstrate  a similar  method  for  thicker  vessels  such  at  the  human  aorta  in  tWrich  intimal  and 
medial  layers  (B)  and  medial  and  adventitial  layers  (Cl  are  cultured  separately  After  10  to  16  < <ys 
growth  in  Leighton  tubes,  the  fused  coverslipt  are  separated  and  matching  sta. ionary  cultures 
prepared  from  cells  which  have  grown  independently  on  each  cover  slip. 
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cow  bovine  aorta  has  very  densely  packed  smooth  muscle  cells,  only  a 
few  collagen  fibers  and  less  eLtatic  material  (Fig. 98b).  We  had 

mmmn  great  difficulty  in  getting  myosin  from  human  aortas  because  even 

so-called  healthy  persons  had  large  amounts  of  lipids  in  their  aorta. 
Thus  we  could  not  obtain  clean  myosin  from  them.  Therefore,  we  used 
human  skeletal  muscle  as  antigen.  The  human  aorta  of  a three  month 
old  fetus  showed  the  distributions  of  smooth  muscle  cells  with  little 
collagen  interspersed  and  no  elastic  material  at  all.  Also  within 
the  human  aorta  you  can  demonstrate  very  well  f luoresceinated  smooth 
muscle  cells.  I think  it  is  of  great  importance  to  differentiate 
the  different  proteins  of  smooth  muscle  cells  which  act  as  antigens. 
There  are  often  cross-reactions  between  the  differs. t n.timyosin 
sera.  The  differentiation  of  these  antigen ic  properties  may  be 
also  important  for  the  understanding  of  different  iramunopathies 
particularly  for  the  clearing  up  of  vascular  changes  in  cases  of 
muscular  diseases  like  dermatomyositis. 

Finally,  an  additional  remark  to  the  quesulcn  A staining  endo- 
thelial cells  by  antimyosin  or  anti-actomyosin  sera.  At  first  we 
thought  this  might  be  an  artifact  but  later  I was  reminded  by  an 
electron  microscopist  who  studied  tonofibrils  in  endothelial  cells 
that  there  are  probably  actomyosin  filaments.  Therefore,  I believe 
that  those  incidental  findings  were  not  artifacts  but  real.  In 
reference  to  the  importance  of  the  various  antigenic  properties  oc 
muscular  proteins,  1 may  call  Dr.  Groschel-Stewart  who  has  new  find- 
ings on  different  cross-reactions  of  vascular  muscle  proteins. 

mmum  DR.  GROSCHEL-STEWART:  We  have  extracted  jctomyosins  from  human 

smooth  (uterine)  and  striated  (pectoral)  muse) * and  we  obtainej  In 
rabbits  anti-bodies  against  these  proteins  that  were  directed  against 
the  respective  myosin  unit  and  did  not  cross-react  (127).  When  we 
applied  the  FIYC-labelled  gamma-globulin-enriched  fraction  of  these 
antisera  to  unfixed  frozen  sections  of  human  uterus,  the  smooth 
muscle  f ibers  stained  brilliantly  with  the  antibody  against  smooth 
liiuscle  actomyosin,  but  not  with  the  antibody  against  striated  muscle 
actomyosin  (Fig. 99).  The  antibody  against  uterine  actomyosin  also 
reacts  with  the  smooth  muscle  fibers  of  the  vascular  system  -snd 
with  the  contractile  elements  in  non-muscular  cells,  such  as  fibro- 
blasts (128)  (Fig. 100),  thromboevtes,  megacarvocvtes  and  macrophages 
(126). 


DR.  ROSS:  1 don't  mean  to  imply  that  the  beautiful  work  that 

both  Dr.  Knieriem  and  Dr.  Bec~er  have  done  with  raising  these  anti- 
bodies and  localizing  these  in  smooth  cells  and  endothelial  cells 
is  not  a valuable  approach.  It  is  very  valuable.  It  is  the  best 
we  have.  My  only  comment  was  that  in  terms  of  really  separating  out 
cells  as  Dr.  Groschel-Stewart  has  just  shown  that  fibroblasts  cross- 
react,  it  may  not  be  good  enough  if  we  are  getting  down  to  asking 
critical  questionr. 
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Figure  tt:  a)  Normal  bovine  kidney  treated  with  fluorescent  antrbovine  myosin  serum  A medium 
sired  artery  shows  green  fluorescence  of  its  concentric  oriented  muscle  cells  and  white  fluorescent 
internal  elastic  membrane  as  well  as  blue  stained  collagen  in  the  adventitia  x 400 
bl  No*  nal  bovine  aorta  treated  with  fluorescent  antihovme  myosin  serum.  The  white  fluorescent 
elastic  lamellae  separate  bundles  of  green  fluorescent  vnooth  muscle  cells  in  the  outer  half  of  the 
media,  x 700 
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D*.  A.  P.  SOMLYO:  Perhaps  I aa  the  only  one  who  is  confused. 

It  seeas  to  ae  that  Dr.  Croscbcl-Stewart ' s data  showed  that  skele- 
tal ayosin,  antibody  to  skeletal  ay os in,  does  not  cross-react  with 
saooth  auscle  ayosin.  I also  obtained  the  iapression  fro*  Dr. 
Knieriea  that  he  was  showing  the  reaction  of  antibody  to  skeletal 
auscle  ayosin  with  vascular  saooth  auscle  presuaably  ayosin.  I 
would  just  like  to  know  if  there  is  really  a conflict  here  and,  if 
so,  any  suggestions  how  it  can  be  resolved. 

DK.  CROSCHEL- S TEWART : It  aight  be  possible  that  Dr.  Knieriea 

had  antibodies  against  actin  In  his  antisera.  These  antibodies 
will  react  with  both  saooth  and  striated  auscles  (61)  since  actin 
is  very  siailar  or  even  identical  in  the  two  types  of  auscles. 

DR.  BECKER:  1 would  agree  with  Dr.  Croschel-Stewart  that 

there  aight  be  either  anti-actin  or  anti-tropoayosin  because  anti- 
tropoayosln  will  stain  both  sanoth  and  striated.  When  we  were 
asking  anti-cardiac  antibodies  (anti-cardiac  an tiny os in  antibodies) 
the  earlier  preparations  after  a short  period  of  la— miration  only 
had  antibodies  that  would  stain  striated  auscle.  If  we  continued 
to  iaaunize  for  longer  sometimes  soae  rabbits  would  aakc  antibodies 
that  would  stain  saooth  auscle  as  well.  I think  the  reason  for 
that  is  that  when  you  grind  up  a lieart,  or  skeletal  auscle,  and 
extract  it  although  you  are  extracting  aostly  striated  auscle  you 
Act  also  extracting  saooth  auscle.  We  are  giving  the*  a aixture  of 
antigens.  When  we  use  uterine  auscle  we  are  only  dealing  with 
saooth  auscle.  That,  I think,  is  how  it  can  be  resolved. 

DR.  ROTHBLAT : Dr.  Wlssler  has  previously  indicated  that  the 

acciasulation  of  lipids  in  aortic  saooth  auscle  cell  cultures  is  a 

reversible  process.  Since  auch  of  the 
Intra-  and  Extra-  accuaulated  lipid  seeas  to  be  choles- 

Cellular  Migration  teryl  ester,  the  clearing  of  the  cellu- 

of  Cholesterol  lar  lipid  suggests  that  cholesteryl  es- 

ters can  leave  the  cells.  Is  there 
any  information  on  whether  the  cholesteryl  ester  is  released  fro* 
the  cell  as  free  or  as  esterified  sterol? 

DR.  WISSLER:  I will  talk  a little  bit  toaorrow,  I hope,  on 

our  work  with  hyper 1 ip ideaic  sent*  and  low  density  lipoproteins 
in  tissue  culture.  1 do  not  believe  that  we  have  any  definite 
evidence  about  the  fora  in  which  the  cholesterol  and  cholesterol 
esters  leave  the  cells  but  I will  show  some  of  the  evidence  that 
they  do  leave  and  the  supposition  is  that  they  are  hydrolized  first 

DR.  KRITCHEVSKY:  I would  like  to  make  a few  comments  regard- 

ing cholesteryl  ester  synthesis  and  hydrolysis  in  the  aorta.  Dr. 
Stein  has  quoted  Charles  Howard's  data  which  indicate  chat  about 
half  of  the  esterified  cholesterol  found  in  the  artery  can  be 
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Fi**t  00:  4*4  cryostat  section  of  human  uterus  (cervical  portion),  stained  with  FiTCIabeSiad 
antibodies.  Lett:  antibody  against  striated  muscle  actomyosin.  Right:  antibody  against  anooth 
muscle  actomynsin. 


Figaro  100:  4*  cryostat  taction  of  human  umbilical  cord,  stained  with  FITCIabelled  antibodies 
against  human  u'enne  actomyosin  Note  the  staining  of  the  smooth  muscles  fibres  in  the  umbilical 
vein  and  of  the  'Ibrobtasls  (arrows)  m Wharton's  gelatin. 
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derive,?  from  cholesterol  end  locally  synthesised  fatty  acids.  In 

experiments  in  which  they  used  elaidic 
Aortic  Cholesteryl  acid  as  a marker.  Hash I wo to  and  Dayton 

Esterase  concluded  that  half  of  the  aortic  chol- 

eeteryl  ester  night  be  derived  from  the 
circulation.  Zilversmit  has  said  that  his  data  show  that  all  the 
arterial  cholesteryl  ester  is  derived  from  the  circulation. 

There  are  a number  of  investigators  using  various  systems  for 
the  study  of  cholesteryl  ester  synthesis  and  hydrolysis  by  arterial 
tissue.  There  are  almost  as  many  systems  as  there  are  investigators. 
Working  with  Dr.  Himanshu  Kothari  we  have  been  using  an  acetone 
powder  of  Che  artery  and  this  preparation  contains  both  hydrolytic 
and  synthetic  activities  The  hydrolytic  activity  is  most  pronoun- 
ced at  pH  6.6  and  proceeds  best  when  the  substrate  is  presented  as 
a micelle.  Synthesis  is  carried  out  at  pH  6.2  with  an  emulsified 
substrate  (189).  It  is  interesting  to  speculate  that  the  micelle 
is  small  in  si2e,  like  an  alpha  lipoprotein  and  the  emulsion  re- 
sembles a beta  lipoprotein. 


Table  XIX  presents  comparative  data  on  synthetic  and  hydrolytic 
activity  in  the  aortas  of  eight  animal  species.  It  is  important  to 
note  that  both  synthesis  (S)  and  hydrolysis  (H)  of  cholesteryl 
esters  are  taking  place  and  it  is  the  ratio  of  one  to  the  other 
which  is  important.  It  is  obvious  that  the  ratio  of  synthesis  to 
hydrolysis  is  considerably  higher  in  those  species  which  are  more 
TiSoow  susceptible  to  atherosclerosis  - man,  baboon,  pig,  rabbit,  and 
■as wi  chicken.  The  average  S/H  ratio  for  the  five  "susceptible"  species 
cmaim  is  84*  higher  than  it  is  for  the  others. 


One  of  the  criticisms  levelled  in  this  field  is  at  comparison 
of  metabolism  in  different  species.  We  have,  therefore,  compared 
wsspw  two  breeds  of  pigeons  — the  White  Cameau,  which  exhibits  spon- 
taneous atherosclerosis  in  the  distal  portion  of  the  aorta  and  the 
Show  Racer  which  is  free  of  spontaneous  atherosclerosis.  In  studies 
cf  acetone  powders  of  whole  aorta  we  found  the  S/H  ratio  to  be 
1.23  for  the  White  Cameau  pigeon  and  only  0.73  for  the  Show  Racer. 

To  compare  the  S/H  activity  in  the  proximal  and  distal  portions 
of  the  White  Cameau  and  Show  Racer  aortas  we  obtained  fifty  aortas 
of  each  breed  (courtesy  of  Dr.  T.  B.  Clarkson)  and  prepared  pools 
of  the  distal  and  proximal  portions.  These  pools  were  coded  and 
given  to  Dr.  Kothari  for  anai/sis  so  the  experiment  was  carried  out 
in  a double-blind  fashion.  As  can  be  seen  from  Table  XX,  the  S/H 
ratio  of  Show  Racer  distal  and  proximal  aorta  is  the  same.  The  S/H 
ratio  in  White  Cameau  proximal  aorta  is  higher  than  it  is  in  either 
half  of  the  Show  Racer  but  the  S/H  ratio  in  White  Carneau  distal 
aorta  is  significantly  higher  than  in  any  of  the  other  portions. 
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human  In  Ban,  the  ratio  of  aortic  free  to  esterified  cholesterol 

changes  dramatically  with  age,  falling  markedly. 

Table  XXI  presents  data  obtained  using  aortas  of  young  (2 
SAT  months)  and  old  (12  and  24  months)  rats.  The  synthetic  rate  is  up 
4Z  at  12  months  and  77Z  at  24  months.  In  contrast,  the  hydrolytic 
rate  rises  24S  and  1060Z  at  12  and  24  months  respectively.  The 
result  is  that  the  S/H  ratio  falls.  Whether  this  is  a generalized 
phenomenon  or  peculiar  to  the  rat  is  under  investigation. 

DR.  SMITH:  I feel  rather  unhappy  about  the  synthesis/hydro- 

lysis ratios  because  there  seems  to  be  a good  deal  of  evidence  that 

synthesis  may  only  occur  when  the  chol- 
Cholesterol  Synthesis  esterol  molecule  is  in  the  right  place, 

and  Esterification  in  spatially.  This  rather  curious  data 

vivo  and  in  vitro  has  arisen  in  several  recent  studies 

(238,  239,  278).  If  you  supply  an  intact 
vessel  or  a piece  of  tissue  with  labelled  fatty  acids  it  rapidly 
esterifles  these  to  cholesterol,  but  if,  instead,  you  present  the 
tissue  with  cholesterol  there  is  a very  long  delay  before  it  is 
esterified  with  fatty  acid  and  the  suggested  interpretation  of  this 
is  that  the  cholesterol  has  to  be  in  the  correct  binding  site,  for 
lack  of  a better  word,  before  it  is  esterified.  Therefore,  actual 
rates  observed  in  isolated  systems  or  extracellular  preparations 
may  not  really  bear  much  resemblance  to  the  rates  within  the  intact 
cell. 

OR.  BOWYER:  I do  agree  with  Dr.  Elcpeth  Smith  on  this  point, 

that  we  have  to  distinguish  between  enzyme  activity  as  measured  in 
vitro  on  the  one  hand  and  on  the  enzyme  action  in  vivo  on  the  other. 
We  have  tried  to  address  the  question  of  the  physiological  rate 
of  cholesteryl  ester  turnover  in  the  arterial  smooth  muscle,  by 
perfusion  of  a segment  of  artery  in  which  the  normal  anatomical 
relationship  of  endothelium  and  smooth  muscle  cells  is  undisturbed. 
Using  oleic  acid  as  precursor,  we  were  able  to  show  that  in  arteries 
of  rabbits  with  various  stages  of  induced  fatty  streaks,  the  fatty 
acid  incorporation  increased  with  increasing  severity  of  lesions. 

If,  however,  as  is  shown  in  Table  XXI,  the  incorporation  into  chol- 
esteryl esters  is  plotted  against  the  cholesteryl  ester  concentra- 
tion in  the  artery,  there  is  a strong  positive  correlation.  Thus, 
the  percentage  of  the  oetabol ical ly  available  pool  of  cholesteryl 
esters  (i.e.  the  turnover)  remains  constant  or  falls  slightly  in 
the  larger  fatty  streaks. 

DR.  LOFLAND:  I think  it  can  hardly  be  doubted  that  the  arter- 

ial wall  can  synthesize  cholesterol  ester.  Using  a pciusion  system 
that  exposed  only  the  intima,  we  showed  that  even  when  you  use  ace- 
tate as  substrate  in  a medium  which  contains  no  plasma,  you  get 
very,  very  active  synthesis.  This  is  a function  of  the  state  of 
the  artery. 
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DR.  Y.  STEIN:  In  answer  Co  Dr.  Saleh's  question:  The  choles- 

terol that  enters  the  cell  is  usually  in  the  fora  of  free  choles- 
terol. After  it  gains  entrance  into  the  cell,  it  then  exchanges 
quite  rapidly  between  the  different  cellular  aeabranes  and  so  the 
labelled  cholesterol  is  diluted  in  a large  pool  of  unlabelled  chol- 
esterol. If  instead,  we  present  a cell  with  a labelled  fatty  acid, 
it  will  enter  into  a very  saall  cellular  pool  and  therefore  will 
be  readily  available  for  the  esterification  of  cholesterol.  I think 
it  is  iaportant  to  keep  in  wind  that  the  difference  in  pool  sizes 
of  free  cholesterol  and  fatty  acid  will  determine  the  rate  of  appear- 
ance of  label  in  cholesterol  ester,  when  the  labelled  precursor  is 
either  the  free  cholesterol  or  fatty  acid. 

DR.  KRITCHEVSKY:  I would  like  to  amplify  Dr.  Lofland's  remarks. 

We  have  also  found  that  the  rate  of  cholesterol  esterification  can 
rise  dramatically  after  only  a few  days  of  cholesterol  feeding.  We 
have  observed  40-100Z  increases  in  aortic  cholesteryl  ester  synthesis 
after  feeding  rabbits  cholesterol  for  only  5 to  7 days.  The  ik«san 
Cray  group  observed  the  same  phenomenon  in  pigeon  aorta  after  10 
days  of  cholesterol  feeding,  at  a time  when  llpemia  was  moderate 
and  no  lesions  were  visible.  Although  these  results  have  been 
obtained  in  aorta  preparations  they  probably  reflect  the  in  vivc 
situation.  It  would  appear  that  the  feeding  of  an  atherogenic 
diet,  in  some  way  triggers  this  remarkable  increase  in  cholesterol 
esterification.  Whereat  has  shown  that  aortic  fatty  acid  synthesis 
is  enhanced  significantly  after  a few  days  of  cholesterol  feeding. 
Whether  increased  esterification  is  a physiological  attempt  to 
"detoxify"  or  store  cholesterol  or  whether  it  is  an  attempt  to 
remove  fatty  acids  isn't  clear,  but  I prefer  the  former  explanation. 
What  is  evident,  however,  is  that  a few  days  of  dietary  insult  are 
sufficient  to  provoke  a great  increase  in  aortic  metabolic  activity. 


cals  DR.  WERTHESSEN:  During  the  1950s  we  used  the  calf's  aorta  to 

study  cholesterol  accumulation  and  sterol  synthesis  from  acetate 
in  vitro.  Diluted,  defibrinated  cow  blood  was  pumped  through  the 
organ.  Pressure  was  controlled.  Experiments  were  run  for  24  hours. 


When  high  pressure  (200/180)  was  used  it  was  easy  to  show  an 
inverse  relation  between  the  initial  cholesterol  concentration  and 
the  change  in  concentration  while  the  organ  was  perfused.  There 
was  a maximum  concentration  achievable.  So,  if  on  excision  from 
the  donor  the  concentration  was  low  a considerable  change  in  con- 
centration occurred  or  minimal  if  the  initial  level  was  high. 


Bondjers  (see  page  19<a)  was  able  to  show  with  statistics 
that  a similar  relationship  held  at  low  pressure  (110/80).  But 
it  was  also  possible  In  these  studies  to  compare  acetate 
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incorporation  into  sterols.  It  was  significantly  higher  on  the 
high  pressure  runs. 

What  all  these  data  said  is:  (1)  that  an  excised  and  thus 

traumatized  aorta  in  this  syten  will  accumulate  cholesterol  and 
synthesize  sterols;  (2)  when  aade  to  work  hard  the  aorta  will 
demonstrate  these  capacities  better  than  when  it  can  loaf;  (3) 
the  metabolism  is  a function  of  the  load  put  upon  the  organ. 

If  I am  not  mistaken  this  load  factor  has  not  been  given  much 
consideration  in  biochemical  studies  of  late. 

DR.  SMITH:  With  regard  to  the  work  that  the  system  is  doing, 

I am  fascinated  to  learn  from  Dr.  Avril  Somlyo  (firf.t  day)  that 

the  aorta  is  capable  of  contracting 
Arterial  Contraction  and  I n a wondering  if  there  is  any 

information  on  the  extent  to  which  it 
does  contract  in  vivo. 


Pa.  WERTHESSEN:  When  you  speak  of  aortic  smooth  muscle  cells 

contracting,  or  being  capable  of  doing  so,  I wonder  if  we  have 
evei  had  clearly  defined  for  us  just  what  they  do  "in  situ".  1 
used  to  watch  our  calf  and  swine  aortae  when  they  were  maintained 
on  the  perfusion  pump  system  and  hoped  to  be  able  to  study  them 
some  day  on  a more  cellular  basis.  For  these  reasons:  One  could 

see  the  pressure  wave  of  the  pulse  beat  extend  the  aorta  in  both 
directions  ar.d  then  the  contraction  which  followed  during  diastole. 
It  was  obvious  that  the  tissue  was  always  under  load  and  that  it 
contracted  when  the  pressure  pulse  went  down.  It  was  not  at  all 
like  a piece  of  rubber  tubing  set  up  in  the  fashion. 

What  I thought  such  studies  would  show  was  the  manner  in  which 
these  cells  maintain  the  diastolic  pressure.  I attribute  to  the 
smooth  muscle  cells  the  fact  that  the  blood  pressure  in  our  extrem- 
ities is  so  close  to  that  in  the  aortic  arch.  As  you  know,  no 
hydraulics  engineer  has  devised  a comparable  system.  I think,  but 
cannot  document,  that  they  "heT:"  the  pulse  along  In  a kind  of 
peristalic  action. 

DR.  SMITH:  i feel  that  this  is  very  important,  because  if  the 

vessel  is  contracting  vigorously  it  must  make  nonsense  of  static 
studies  of  hydrodynamic  factors.  Imagine  also  what  happens  where 
a branch  comes  off  - if  each  vessel  Is  contracting  there  will  be  a 
most  traumatic  situation  where  the  two  contraction  waves  meet.  This 
could  be  at  least  as  important  in  the  development  of  plaques  round 
branches  as  changes  in  flow  patterns. 

DR.  ZEMPLENYI:  Dr.  Werthessen,  I think  that  before  we  leave 

Che  problem  of  arterial  metabolism,  it  has  to  be  mentioned  that  ve 
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knov  very  little  about  the  bloenergetlcs  of  the  arterial  wall  and 

especially  the  role  of  oxidative  phospho- 
Arterial  Energy  rylation  in  this  regard.  In  our  labora- 

Metabolisa  tories  a good  deal  of  attention  is  paid 

to  this  probiea.  Recently  Drs.  Kalra 
and  Brodies  presented  evidence  that  aitochondrla  isolated  froa 
aortas  of  atherosclerosis-resistant  Show  Racer  and  susceptible  White 
Ptttoa  Carneau  pigeons  differ  in  this  respect.  Oxidative  phosphorylation 
and  respiratory  control  with  succinate  and  other  NAD-linked  sub- 
strates is  the  saae  in  both  types  of  aitochondrla.  However  with 
alpha-glycerol  phosphate  as  substrate,  respiratory  control  and  ATP 
formation  is  observed  only  in  aitochondrla  froa  the  atherosclerosis- 
resistant  pigeon  arteries.  The  deficiency  of  the  glycerol  phosphate 
shuttle  is  also  important  for  lipid  synthesis  because  it  may  lead  to 
accumulation  of  alpha-glycerol  phosphate  in  the  cytoplasm  and  alpha- 
glycerol  phosphate  is  needed  for  the  synthesis  of  triglycerides  and 
phospho- lipids  (173). 

DR.  WERTHESSEN:  Would  you  be  willing  to  imply  that  the  genetic 

work  that  the  Bowman  Gray  observers  did  could  be  based  on  what  you 
might  call  now  a genetic  lack  of  an  enzyme? 


DR.  ZEMPLESYI:  This  is  precisely  what  we  wish  to  answer  in 

our  experiments.  The  results  which  I just  mentioned  together  with 
other  data  were  obtained  in  older  birds  and  the  differences  observed 
could  very  well  be  a consequence  of  aging  or  of  atherosclerosis  in 
the  aore  susceptible  strain.  Therefore  we  repeated  just  a few  days 
ago  some  of  our  studies  with  aortas  of  pigeons  only  a few  weeks 
old.  I do  not  have  so  far  the  results  because  many  of  the  data 
have  to  be  calculated  on  the  protein,  DSA  and  fat-free,  dry-weight 
basis.  We  hope  that  the  results  will  answer  the  question  whether 
metabolic  differences  between  the  atherosclerosis-susceptible  and 
resistant  pigeon  arteries  are  of  an  inherited  (genetic?)  nature. 

DR.  BJORKERUD:  This  is  just  a cosssent  on  Dr.  Krltchevsky’s 

suggestion  that  the  "atherosclerotic"  smooth  muscle  cell  Bight  fora 
fatty  acids  suitable  for  choiesrerol  esterification.  There  is  ex- 
perimental evidence  for  this  suggestion.  It  seems  to  be  a general 
consensus  that  glucose  is  not  converted  to  fatty  acids  in  the  nor- 
mal arterial  wall.  I aa  especially  referring  to  Vost's  work.  It 
is  posnlble  to  induce  intlaal  thickenings  with  a high  content  of 
lipid  and  thickenings  elth  low  lipid  content  selectively  by  choosing 
in  the  first  cate,  mal,-;  rabbits  and,  in  the  second,  female  rabbits. 
In  the  feaale  intiaal  tissue  there  seeas  to  be  no  conversion  of 
glucose  to  fatty  acids  and  no  transfer  of  C^-glucose  label  to  chol- 
esterol ester  or  sphingomyelin.  In  the  sale,  however,  glucose  is 
converted  to  lipid.  In  some  samples  this  aay  be  very  marked  and 
the  C^-glucose  label  nay  predominantly  be  confined  to  the  sphingo- 
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myelin  and  the  cholesterol  ester  fractions,  which  is  markedly  ab- 
normal (33,  34). 

1 would  like  to  make  a point  here.  The  lntimal  tissue  in  ques- 
tion, especially  in  the  male,  is  not  completely  covered  with  endo- 
thelium. It  is  therefore  flooded  with  fatty  acid-containing  albu- 
min. A shortage  of  fatty  acids  per  se  cannot  be  responsible  for 
the  lipogenesis.  Perhaps  the  cells  need  other  types  of  fatty  acids 
than  thos'  supplied  in  the  serum. 


OR.  KRITCHEVSKY:  Dr.  Lofland  has  commented  on  experiments  in 

which  administration  of  labeled  acetate  yielded  labeled  ester  chol- 
esterol. Or.  Charles  Howard  (Beaverton,  Oregon)  has  shown  that 
conversion  of  acetate  to  cholesterol  and  its  esters  proceeds  readily 
in  normal  monkeys,  but  notin  cholesterol-fed  monkeys.  On  the  other 
hand,  when  cholesterol-fed  monkeys  are  given  labeled  glucose  they 
are  able  to  synthesize  cholesteryl  esters  labeled  in  Lae  fatty  acid 
moiety. 


Chapter  3 

RELATIONSHIP  OF  ENDOTHELIUM  TO  SMOOTH  MUSCIE 
OVERVIEW 

Dr.  Soren  B^orh^rud 


This  review  will  be  focused  on  those  properties  of  arterial 
endothelii-ra  which  might  influence  the  underlying  smooth  muscle 
cells.  The  review  will  have  a rather  short  time  perspective  with 
regard  to  the  age  of  the  information.  The  late  Dr.  French  gave  an 
excellent  review  on  portions  of  the  subject-  at  the  Liitdau  Confer- 
ence (109). 

The  disposition  follows  roughly  that  of  our  own  life,  first 
to  be  discussed  will  be  some  obstetric  and  pediatric  cell  problems, 
then  properties  of  the  adult  cell,  and  finally,  cell  regression  and 
death. 

That  arterial  endothelium  has  the  capacity  of  rapid  regenera- 
tion after  experimental  trauma  is  known  from  the  work  of  Poole  et 
al  (255),  Cotton  et  al  (70),  and  Gottlob  and  Zinner  (124).  Not  too 
long  ago  it  was  unclear  and  indeed,  questioned  by  some,  if  arterial 
endothelium  of  adult  animals  wau  subject  to  turnover.  Autoradio- 
graphic demonstration  of  incorporated  tritlated  thymidine  in  arter- 
ial sections  (374,  375,  393)  made  it  clear  that  endothelial  cells 
replicate  even  in  "normal"  adult  endothelium,  although  slowly. 

Progress  in  this  field  has  been  hampered  by  technical  difficul- 
ties due  to  the  fact  that  endothelium  is  a monolayer.  Thus,  very 
little  information  on  the  whole  cell  population  can  be  obtained 
from  single  sections.  These  difficulties  were  circumvented  by  iso- 
lation of  the  endothelium  with  a modified  version  of  the  old  en- 
face,  "Hautchen",  technique  and  subsequent  autoradiography  of  the 
isolated  layer  as  first  described  by  Obaze  and  Payling  Wright  (242). 
Improved  modifications  of  this  technique  were  described  by  Sade  and 
Folkman  (322)  and  recently  by  Schwartz  and  Benditt  (335). 

The  endothelium  is  heterogeneous  with  regard  to  frequency  of 
cell  divisions  both  in  different  areas  within  an  aortic  segment, 
and  in  different  segments  along  'he  aorta. 

The  drawing  in  Fig. 101  depicts  the  average  percentage  of  label- 
auMCAMQ  led  cells  in  different  segments  along  the  guinea  pig  aorta  as  found 
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by  Payling  Wright  (250).  As  an  explanation  for  the  larger  rate  ot 
mitosis  in  the  aortic  arch,  in  the  upper  abdominal  aorta  and  in 
the  bifurcation  area,  she  proposed  hemodynamic  damage,  leading  to 
endothelial  injury  and  repair  (250,  251).  The  rate  of  replication 
would  correspond  to  a life  span  of  60-120  days  in  branching  regions 
and  100-180  days  in  unbranched  segments.  Her  finding  that  the  rate 
of  mitosis  was  increased  _in  and  above  an  artificially  created  con- 
striction of  the  guinea  pig  aorta  (250)  indicates  that  the  hemo- 
dynamic damage  explanation  may  be  correct  (Fig. 102). 

Essentially  similar  results  from  unmanipulated  rats  were  re- 
cently presented  by  Stephen  M.  Schwartz  and  Benditt  (335).  A 
refined  technique  permitted  a detailed  tzppicg  of  the  mitotic  rate 
of  the  endothelium  within  each  segment  of  the  rat  aorta.  In  Fig. 
103  is  shown  such  a map  of  a segment  of  the  thoracic  aortic  sur- 
face of  a three  month  old  rat.  The  left  pictures  illustrate  the 
orientation  of  the  map.  The  middle  figure  is  the  map  where  each 
dot  represents  one  tenth  of  a per  cent  of  labelled  cells  within  a 
unit  square  of  the  map.  In  the  right  figure  the  data  of  the  map 
is  integrated.  It  can  be  seen  that  the  mitotic  rate  is  larger  in 
the  dorsal  sector  which  was  the  rule  for  the  thoracic  aortic  seg- 
ments. No  such  apparent  reproducible  pattern  was  found  for  the 
abdominal  aorta  (the  mouth  of  the  intercostal  arteries  are  situated 
along  the  dorsal  sector  of  the  descending  thoracic  aorta). 

The  mitotic  rate  of  arterial  endothelium  does  not  only  vary 
with  location  but  also  with  age  of  the  animal.  Sade  et  al  (323) 
measured  the  in  vitro  labelling  of  endothelial  cells  of  the  aorta 
of  rats  ci  varying  age.  As  can  be  seen  from  their  results,  as 
shown  in  Fig.  104,  the  labelling  of  cells  decreases  greatly  with 
age.  Similar  results  were  obtained  by  Stephen  M.  Schwartz  and 
Benditt  (335)  after  in  vivo  labelling.  Newborn  rat  aortas  exhibit- 
ed an  over  all  rate  of  labelling  about  ten  times  that  of  three 
month  old  rats.  The  pathophysiological  implications  of  an  age- 
related  decline  of  the  capacity  for  endothelial  regeneration  is 
obvious. 


The  results  just  mentioned  from  Payling  Wright's  works  (250, 
251,  Z52),  suggesting  a relationship  between  Increased  hemodynamic 

strain  and  increased  endothelial  cell 
Endothelial  Cell  turnover,  have  recently  been  confirmed 

Turnover  and  Smooth  and  extended  in  the  sense  that  regions 

Muscle  Proliferation  with  increased  permeability  for  albumin- 

Evans  blue  complex  were  shown  to  have  a 
higher  mitotic  rate  by  Caplan  and  Colin  Schwartz  in  1973  (57). 

It  should  be  mentioned  that  a marked  stimulation  of  the  mitotic 
rate  was  observed  after  cholesterol  feeding  both  in  rabbits  (216) 
and  in  swine  (393)  where  this  effect  was  demonstrated  after  only 
three  days  of  cholesterol  feeding  (103).  They  concluded  that  some 
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Figure  101:  Schematic  illustration  of  the  average  percentage  of  labeled  endothelial  cells  in  different 
segments  along  the  guinea  pig  aorta.  From  Payling  Wright.  1970. 
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Figure  102:  Average  percentage  of  labeled  endothelial  cells  in  control  guinea  pig  aorta  and  in  an 
aorta  with  an  artificially  created  constrictor).  The  mitotic  activity  in  thr  endothelium  is  nurkedly 
increased  in  and  above  the  constriciton.  Payling  Wright.  1970. 
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Figure  lid;  Meoping  of  mitotic  activity  in  rat  aortic  endothelium.  A rrfinsd  technique  wot  used  to 
isolate  ti;'-  endothelium  at  a "Hautcher."  pr^arMfon  and  to  trace  mitotic  activity  by 
autoradiography.  The  left  figures  i Mott  rate  the  orientation  of  the  endtthefial  temple.  The  mitotic 
rete  at  different  sites  in  the  endothelial  sample  « dop'cuci  in  the  middle  fpure  where  each  do' 
represents  one  tenth  of  a per  cant  labeled  celts  within  « unit  square  of  the  map.  The  date  on  each 
"longitude"  it  integrated  in  the  ri^it  fiw>».  The  mi*~tic  rate  wet,  at  a rule,  larger  in  the  dorsal 
sector  err  thoracic  segments.  Modified  from  Schwaru  and  Beod;tt.  1973. 


PERCENTAGE  OF  LABELED  CELLS  IN  AORTIC  EMXTOCLIUM 
OF  RATS  OF  VARYING  AGE  AFTER  IN  VITRO  INCULATION 
WITH  LABELED  THYMIDINE  (VALUES  FROM  SADE  ET  AL..  1S72) 


AGE/ WEIGHT 
DAYS  GRAMS 

21/50 

H2/12O-150 

130/600-700 


PERCENTAGE  OF 
LABELED  CELLS 

0.5-1.3 

0.06-0.80 

0.01-0.10 


Figure  194:  The  mitotic  r*te  of  arterial  endothelium  in  .sts  da  cresset  greatly  with  <ce  at  da/wn  by 
Sadeetal.,1972. 
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Figure  106:  Rapid  regeneration  of  experimentally  desquamtied  aortic  endothelium  Vilows  when 
the  initial  distance  from  soui^es  of  intact  endothelium  it  short  (superficial  injury,  small  area  and 
deep  injury).  When  source*  of  ircact  endothelium  are  more  remote  the  rarte  cl  endothelial 
regeneration  slows  down  markedly  (Bjcrkerud  and  Bondjers.  197.1  \ b). 


H'l 


Figure  100:  An  experimentally  denuded  aortic  seamen:  is  rapidly  covered  with  platelets 
(Haudetttchild  and  Stuber,  1971 ). 
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constituent  of  the  blood  of  the  cholesterol-fed  swine  Is  acting 
directly  on  the  endothelial  cells,  and  suggested  that  the  same 
factor  may  be  responsible  for  the  proliferation  of  the  smooth  muscle 
tissue.  The  increased  multiplication  of  endothelial  cells  was  pro- 
bably balanced  by  an  increased  elimination  of  the  cells,  as  the 
density  of  the  cell  population  seemed  not  to  increase.  An  important 
question  in  this  context  is:  "What  are  the  factors  which  promote  or 
inhibit  endothelial  regeneration?"  Very  little  information  is  avail- 
able on  this  topic.  It  has  been  obtained  primarily  from  experimental 
situations  where  the  endothelium  has  been  subjected  to  extreme 
challenge. 


IFrom  the  earliest  studies  of  endothelial  regeneration,  following 
experimental  injury,  it  was  apparent  that  large  differences  exist 
| with  regard  to  the  speed  of  endothelial 

| Endothelial  Regeneration  regeneration  (/or  discussion  see  Bjorkt— 

Following  Injury  rud  and  Bondjers,  35).  Species  dtffer- 

j ences  were  proposed  as  an  explanation, 

but  the  different  methods  used  for  the  desquamation  of  the  endothe- 
lium could  also  be  important.  The  latter  explanation  has  gained 
I strong  support 

i 

, it  is  possible,  quite  reprcducibly,  to  selectively  produce 

i areas  w**-h  vapid  or  with  very  slow  endothelial  regeneration  in  the 

! aorta  of  th : same  animal.  It  is  done  by  the  infliction  of  two 

different  ‘ ypes  of  defined  mechanical  injury  using  a special  cathe- 
ter (36,  37,  38,  39).  Sequential  comparative  studies  of  the  two 
types  of  lesions  indicate  that  the  speed  of  endothelial  regeneration 
is  related  to  the  initial  distance  of  the  injury  from  sources  of 
intact  endothelium  (Fig. 1C5).  Sources  are  the  mouths  of  aortic 
branches,  or  islands,  with  intact  endothelium.  Areas  near  the 
source  that  can  be  covered  within  two  to  three  weeks,  heal.  Hie 
overgrowth  slows  down  Markedly  when  the  endothelium  reaches  more 
remote  areas  (35,  39,  40).  The  initial  fast  regeneration  and  the 
subsequent  delay  of  endothelial  covering  has  been  confirmed  by 
Christensen  and  Garbarsch  (65)  observing  extensive  lesions  indu-ed 
with  the  ballooa  catheter.  There  is  as  yet  no  definite  clue  to 
the  cause(s)  of  the  retardation. 


Very  rapidly  after  endothelial  desquamation  the  surface  is 
covered  by  platelets  as  i«h.  «?n  by  Haudenschild  and  Studer  (133)  in 
the  rabbit  (Fig. 106).  Polymorphonuclear  leukocytes  and  monocytes 
eliminate  the  thrombotic  material  in  a few  days  and  seem  to  stop 
further  platelet  deposition  (Fig. 107)  (133).  It  is  possible  that 
the  subendothelial  surface  "cured”  !n  this  way  permits  rapid  rc- 
endothel ial izat ion.  :t  is  also  conceivable  that  this  property  may 
be  lost  al  -:er  a crit  cal  period  of  prolonged  exposure  to  blood. 

For  the  normo- lip  idem!'-,  rabbit  this  critical  period  reams  to  be 
3-4  weeks.  After  this  time  interval  there  is  a marked  retardation 
of  the  reendothel la. Ization. 
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! 

» 


» 
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Fif.-t*  lOt:  En  face  semirmcrophotc-graph  or  a rabbit  aortic  segment  where  an  experiment*!  lev  on 
we  induced  mechanically  two  week*  earlier.  The  initial  injury  we  shallow  with  a large  surface  area. 
New  endoihelium  spreads  from  mdses.  The  proximal  and  Odtal  rims  of  the  regenerating 
endothelnsss  (proximeily  and  dittan  ' have  advanced  to  the  markedly  thickened  regions  denoted  8. 
Interpr  'd  arris  denoted  P still  lank  endothelium.  Multiole  microthrombi  are  present 
predominantly  along  the  edge  of  the  endothelium  as  dearly  shown  in  inset  (Bjorkerud  and 
Bondjers.  19V3a). 
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Figure  10t:  Low-power  * rctron  micror/aph  of  section  through  experimentally  induced 
»nrtic  lesion  with  retarded  recndothelialiaation.  The  tectioncd  region  correspond*  to 
non-reendothelialiad  regions  denoted  P in  fig.  108.  The  surface  lining  consists  of  smooth 
muscle  cells  separated  by  large  d fts  containing  fibrm-ltke  osmiofilic  material  (Knieriem  et 
al.,  1973). 


Figure  110:  Low-power  scanning  electron  microphotograph  ol  dog  pulmonary  artery.  Single 
endothelial  cells  are  indicated  by  asterisks  Note  the  presence  of  a multitude  of  processes  on  the 
cellular  surface  (Una  Smith  et  al..  1971). 
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Fig. 108  presents  a semi-microscopic.  surface  of  a rabbit  aortic 
segment  two  weeks  after  the  induction  of  wide-spread  superficial 
aortic  injuries  by  the  type  of  mechanical  trauaa  which  reproducibly 
leads  to  retarded  reendothellalizatlnn  (39).  It  is  possible  that 
the  microthrombotic  material  at  the  front  of  the  advancing  (?)  endo- 
thelium induces  the  regarded  overgrowth.  It  is  difficult  to  tell  if 
platelets  are  involved  in  this  process;  this  would  be  consistent 
with  Ross's  report  on  the  presence  of  growth-stimulating  factors  in 
platelets  (see  page  76).  An  alternative  explanation  would  be  ex- 
aggeration of  the  intimal  thickening  by  formation  and  organization 
of  thrombi. 


Tissue  cultures  have  proven  valuable  in  studying  the  influence 
of  different  factors  on  cell  populations.  Perhaps  some  of  the 
questions  just  mentioned  can  be  resolved  with  this  technique.  Endo- 
thelium like  cells  have  been  isolated  by  enzymatic  dislocation  both 
from  human  umbilical  vein  (112,211)  and  from  the  larger  arteries 
of  the  rabbit  (55). 

Robertson  isolated  cells  with  the  so-called  double  coverslip 
technique  (299)  without  the  use  of  enzymes.  The  cells  survived 
about  20  passages  and  were  diploid.  Recently  arterial  endothelium 
was  isolated  by  Cscnka  et  al.  (72)  in  Jellinek's  group  in  Budapest 
also  without  the  use  of  enzymes.  The  cells  survived  50-60  passages 
and  showed  both  light  and  electron  microscopic  properties  of  arter- 
ial endothelial  cells.  The  ceils  were  confluent  at  some  areas  and 
had  a flattened  appearance.  Electron  microscopy  of  junctional  re- 
gions seemed  to  deaunstrate  both  tight  junctions  and  flaps  - typical 
eleMnts  of  endothelial  cells  in  vivo  (see  below). 


Under  certain  circumstances  endothelial  regeneration  is  accom- 
panied by  covering  of  denuded  subendothelium  with  a strongly  aberrant 
cellula.*  surface  layer  which  is  referred  to  as  pseudoendothelx.im 
(265).  Tsao  (396)  concluded  fvom  electron  microscopic  observations 
that  myointioal  cells  could  possibly  migrate  towards  the  lumen  and 
redifferentiate  to  endothelial  cells.  Dr.  Robertson  will  expand 
upon  this  subject  later.  From  our  observations  it  appears  that  flat- 
tened smooth  muscle  cells  can  serve  as  a provisional  surface  lining 
for  long  periods  in  those  instances  where  resurfacing  with  endo- 
thelium is  retarded.  There  is  some  evidence  suggesting  that  mono- 
cytes may  also  form  a fairly  continuous  provisional  surface  lining 
(45,  65,  265). 

The  central  part  of  the  mechanically  induced  lesions  displaying 
retarded  healing  in  the  rabbit  is  covered  by  flattened  smooth  muscle 
cells  (39)  (Fig. 109).  Very  large  cleft*  between  the  cells  contain 
fibrin-like  osmiophylic  material  (185).  We  have  measured  the  trans- 
fer of  cholesteryl  ester  from  the  blood  (which  can  be  regarded  as 
a rough  measure  of  lipoprotein  transfer)  into  the  underlying  tissue. 
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It  averaged  32  times  greater  in  regions  devoid  of  endothelium  than 
in  regions  covered  with  intact  endotheliu*. 

Finally,  a'>  regards  the  origin  of  cells  at  the  luminal  surface, 
it  should  be  Mentioned  that  a proportion  of  the  subendotheliai  cells 
■ay  be  of  endothelial  origin,  as  Borgers  and  coworkers  (47)  con- 
cluded fro*  a combined  cytoche*ical  and  electron  Microscopic  study 
on  developing  coronary  collaterals.  Mixed  origins  of  both  endo- 
thelial and  subendothelial  cells  would.  Indeed,  not  facilitate 
the  understanding  of  the  biology  of  these  tissues. 

Turning  now  to  surface  properties  of  arterial  endothelial  cells. 
These  have  been  difficult  to  observe  in  transmission  electron  Micro- 
scopy, but  are  apparent  in  the  scanning  electron  Microscope.  One 

such  is  the  presence  of  large  nunbers  of 
Morphology  of  the  Irregular  processes  directed  towards  the 

Endothelial  Surface  lumen.  The  presence  of  processes  waj 

noted  by  Rhodln  (269)  and  studied  More 
extensively  by  Una  Smith  and  coworkers  (353).  Fig. 110  shows  a low- 
power  scanning  electron  Micrograph  of  the  luminal  surface  of  the 
dog  pulmonary  artery.  The  separate  endothelial  cells  are  denoted 
by  an  asterisk  and  have  large  nunbers  of  irregular  protrusions. 

ransmission  electron  micrographs  of  sections  of  similar  areas 
illustrate  the  varying  thickness  of  the  processes,  and  the  presence 
of  pinocytotic  vesicles  (marked  by  asterisks)  in  the  processes 
(Fig. 111). 

We  have  found  similar  processes  although  more  fold-1 Ike,  in 
the  rabbit  aorta  using  scanning  electron  microscopy.  Areas  with 
relatively  snooth  surface  alternate  with  areas  with  rough  surface 
which  points  to  the  possibility  that  the  degree  of  surface  rough- 
ness may  be  a dynamic  and  rapidly  changing  property.  No  definite 
conclusion  can  be  drawn  as  yet  on  the  possible  functional  role  of 
these  surface  projections.  However,  it  is  clear  that  the  projections 
irkedly  increase  the  luminal  surface  area  of  the  cells,  which  could 
facilitate  plasma  membrane-mediated  transport  between  the  blood  and 
the  vessel  wall. 


Spreading  of  endothelium  by  mere  flattening  of  the  cells  with- 
out cell  replication  has  been  observed  in  cell  culture  (112),  but 
it  is  unclear  if  an  endothelial  lining  can  extend  by  such  a mechan- 
ism in  vivo,  however,  it  is  possible  that  the  cell  processes  re- 
present a plasma  membrane  reserve  that  might  be  utilized  for  ami- 
totic spreading  o:  the  endothelium  or  for  other  plasma  membrane 
requiring  processes,  as  e.g.  endocytosis.  Una  Smith  and  coworkers 
(3S3)  suggest  that  the  projections  might  produce  a boundary  layer 
of  retarded  flow  of  cell-free  plasma  along  the  surface  of  the  cell 
body.  Such  a slow-flowing  boundary  layer  could  provide  favorable 


Figure  112:  Scheme  illustrating  Robert  ton's  modification  of  th«  Danielli-Dewson  model  of  the  unit 
membran?  (From  Bjorkerud  and  Sjostrand.  1971).  When  freeze-fracturing  a tissue  the  fracture 
tendt  to  follow  preformed  surfaces  in  the  tissue,  as  eg.  ce'l  membranes.  The  fracture  line  occurs 
between  the  hydrophobic  ends  of  the  bimokcular  phospholipid  leaflet  of  the  membrane.  The  right 
figure  it'ustrates  the  transmission  electron  microscopic  image  of  the  unit  membrane. 
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conditions  for  transfer  of  substances  between  the  plasma  and  the 
endothelium.  On  the  other  hand,  a boundary  layer  could  also  act 
as  a transport  barrier  through  which  material  has  to  diffuse  to 
reach  the  endothelium.  Results  from  studies  by  Caro  and  Nerem 
(58),  designed  to  test  this  theory,  were  inconsistent  with  trans- 
port controlled  by  a diffusion  boundary  layer.  This  does  not  mean, 
however,  that  a boundary  layer  does  not  exist.  They  only  indicate 
that  a boundary  layer  was  not  a rate-limiting  factor  for  transfer 
between  serum  and  arterial  wall  of  the  material  in  question  which 
was  lipoporotein-bound  Cl4  labelled  cholesterol. 


Turning  now  to  more  qualitative  aspects  on  the  endothelial 
cell  plasma  membrane.  At  the  Lindau  Conference  the  presence  of  a 
ruthenium  red-stainable  surface  coating,  and  its  possible  analogy 
to  the  so-called  glycocalyx,  was  discussed  by  the  late  Dr.  French 
(109).  As  the  degree  of  specificity  for  carbohydrates  of  che 
ruthenium  red  method  was  uncertain,  the  question  of  the  presence 
of  a glycocalyx  could  not  be  settled.  However,  since  then  a specific 
cytochemical  method  for  carbohydrate  compounds  is  available.  It 
is  based  on  the  affinity  of  concanavalin  A for  such  compounds  (27). 
Dr.  Weber's  group  (403)  have  presented  evidence!  obtained  by  this 
technique  which  strongly  indicates  the  presence  of  glycocalyx  on 
the  surface  of  the  arterial  endothelial  cell. 
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It  is  quite  possible  that  some  of  the  functional  characteris- 
tics of  the  endothelial  cell,  as  for  instance  plasma  membrane  per- 
meability, end  the  physical  properties  of  the  cell  surface  in  the 
serum  - cell  interphase  could  depend  on  the  glycocalyx  as  suggested 
by  French  (109).  Dr.  Weber  will  treat  this  subject  specifically. 

I will  not  expand  on  it,  but  only  mention  a study  by  Buonassisi  (55) 
where  arterial  endothelial  cells  reared  in  tissue  culture  were 
found  to  synthesize  various  species  of  sulphated  mucopolysaccharides. 
Some  evidence  was  obtained  for  an  incorporation  of  a major  fraction 
of  the  mucopolysaccharides  into  the  cell  wall.  Other  smaller  frac- 
tions of  heparin-like  mucopolysaccharides  were  released  into  the 
medium  which  could  reflect  an  antithrombogenic  mechanism  in  these 
cells.  It  was  shown  recently  that  the  basal  membrane  subjacent  to 
the  endothelium  is  probably  an  endothelial  product  (336).  There- 
fore, it  is  possible  that  the  in  vitro  ^reduction  of  sulphated  muco- 
polysaccharides just  mentioned  may  reflect  also  the  formation  of 
material  for  the  basal  membrane. 


Transmission  electron  microscopy  of  sections  has  yielded  rather 
limited  information  on  che  plasma  membrane  per  se.  Lately,  with  the 
use  of  freeze-fracturing,  shadowing,  and  subsequent  electron  micro- 
scopy, it  has  been  possible  tc  obtain  mo;e  detailed  information. 

When  freeze-fracturing  a tissue,  the  fractures  seem  to  occur  pre- 
dominantly between  the  hydrophobic  ends  of  the  bimolecular  phospho- 
lipid leaflet  of  the  unit  membranes  (49).  On  the  loft  side  of 
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Fig. 112,  which  depicts  Robertson's  modification  of  the  Danielli- 
Dawson  model  of  the  unit  membrane,  the  fracture  would  occur  in  the 
free  interspace  between  the  hydrocarbon  chain  palisades.  The  right 
figure  depicts  the  transmission  electron  microscopic  image  of  the 
unit  membrane. 

Fig. 113,  from  a paper  by  Dempsey  and  eoworkers  (79).  illustrates 
the  two  types  of  surfaces  which  are  exposed  when  the  fracture  occurs 
in  Che  plasma  membrane.  The  exterior  surface  of  the  inner  leaflet 
of  the  membrane  is  designated  A-faee  and  the  interior  surface  of 
the  outer  leaflet  B-face.  Different  fracture  faces  are  demonstrated 
in  Fig. 114.  Globular  units  are  found  between  the  plasma  membrane 
leaflets  of  the  capillary  endothelial  cell  and  the  erythrocyte,  some 
adhering  to  the  A-fac-.  others  to  the  B-face  (79).  It  has  been  sug- 
gested that  the  number  and  distribution  of  the  intra-membraneous 
particles  are  related  to  the  ph/siologicai  activity  of  the  membrane 
(49),  and  that  they  may  represent  enzyme  clusters  (354). 

It  scl7is  as  if  fusion  of  membranes  is  preceded  by  a rearrange- 
ment of  the  intramembraneous  particles  to  rinps  or  plaques.  Fig. 

115  from  a paper  by  Satir  and  coworkers  (326)  illustrates  schematic- 
ally the  probable  events  before  and  during  the  membrane  fusion 
occurring  when  a secretory  granule  is  discharged  from  a Tetrabymena. 

A similar  rearrangement  of  the  intramembraneous  particles  has  been 
observed  in  pulmonary  endothelial  cells  and  it  wrs  proposed  that  the 
rearrangement  of  the  particles  was  related  to  meml.ane  fusion  occur- 
ring during  plnocytosis  (354). 

I will  now  leave  the  free  endothelial  surface  for  a moment  and 
discuss  aspects  relating  to  the  intercellular  parts  of  the  plasma 
membrane.  Rearrangement  of  intramembraneous  particles  seems  not  only 

co  be  related  to  communication  between 
Endothelial  the  interior  of  the  cell  and  the  external 

Cell  Junctions  environment  as  in  secretion  and  pinocy- 

tosis,  but  also  to  communication  between 
adjacent  cells.  Plaque-like  regions  with  the  plasma  membranes  of 
adjacent  cells  in  clos-'*  contact  can  be  found  along  the  cellular 
interface.  Figs. 116  and  117  are  illustrations  from  a paper  by 
Gilula  and  coworkers  (116).  In  the  left  part  of  Fig. 116,  which 
shows  a section  from  the  region  between  two  fibroblasts,  the  plasma 
membranes  are  in,  as  it  seems,  close  contact  for  a considerable  dis- 
tance. A surface  of  this  kind  is  a so-called  "gap  junction". 

Freeze  fracturing  reveals  a plaque-like  cluster  of  intramembraneous 
particles  in  the  gap  junctional  region  as  shown  on  the  right  side 
mt  of  Fig. 116.  Recently  the  presence  of  gap  junctions  in  rat  arterial 
endothelium  was  suggested  by  Stermerman  and  Ross  (389)  a^d  demon- 
strated convincingly  by  Huttner  and  eoworkers  (154)  who  have  studied 
them  in  great  detail.  As  in  other  tissues,  these  junctions  do  not 
restrict  the  passage  of,  e.g.,  colloidal  lanthanum  intercellulcrly 
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Figure  113:  Scheme  depicting  the  different  membrane  surfaces  obtained  after  freeze-fracturing 
(From  Oempiey  et  a).,  1973). 


Figure  114:  Electron  microphotography  of  endothelial  membrane  surfaces  (A;B)  obtained  after 
freeze-fracturing  of  a fenestrated  capillary.  Globular  units  (intramembraneous  granules)  are  present 
between  the  plasma  membrane  leaflets,  rbc  • A;  rbc  ■ B denote  fracture  faces  of  red  blood  cell  in  the 
capillary  (Dempsey  et  af.,  1073). 
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Fipm  116:  Scheme  depicting  the  rearrangement  of  intramembraneous  granules  praceading  fusion 
of  membrane*  when  Tetrahymena  discharges  a secretory  granule  at  proposed  by  Satir  and 
ooworfcers  (1972).  Similar  arrangement  of  intramembraneous  part  ides  teat  ofaeerved  in  pulmonary 
endothelial  cells  (Smith  at  ai..  1973). 


Figure  119:  Electron  micrograph  of  taction  through  gap  function  (left)  and  freeze-fracture  face  of 
gap  junction  (right)  between  two  fibroblasts.  The  intramembraneous  particles  are  arranged  a*  a tight 
clutter  in  the  junctional  surface.  From  Giluia  et  al.,  1972). 
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This  can  be  explained  by  their  macula-like  configuration  and  pre- 
sence of  an  about  20  angstrom  gap  between  the  cell  ttembranes  in  the 
gap  junctional  region.  Therefore,  they  are  not  thought  to  be  im- 
portant for  the  control  of  Intercellular  permeability,  but  are  con- 
sidered to  represent  the  structural  basis  for  communie/ : on  between 
cells  bold'  with  regard  to  electrical  coupling  and  exchange  of  ions 
and  metabolites  (116)  It  might  well  be  that  they  are  necessary 
for  possible  synchronized  functions  of  the  cells  in  the  endothelium, 
as  suggested  by  Huttner  and  coworkers  (154). 


R.iodin  (270)  and  Richardson  and  Beaulnes  (273)  suggested  that 
endothelial  cells  may  transmit  signals  from  receptors  on  their  sur- 
face to  underlying  smooth  muscle  cells.  Gap  junctions  are  present 
between  arterial  smooth  muscle  cells  (161)  and  taken  together  with 
the  presence  of  gap  junctions  in  endothelium,  it  is  possible  that 
the  entire  endothelial  and  smooth  muscle  apparatus  in  the  artery 
forms  a coupled  system  as  suggested  by  Huttner  and  coworkers  (154). 
Actually,  some  experimental  data  lend  support  to  such  an  hypothesis 
c Mr  Werthessen  and  collaborators  (417.  418)  perfused  calf  aortae  with 
a serum-containing  medium  at  hi<>»  pressure  (200  mm.  of  mercury)  and 
found  an  inverse  relationship  between  net  uptake  of  cholesterol 
during  the  perfusion  and  the  initial  concentration  of  cholesterol 
in  the  tissue.  Data  from  experiments  with  lower  perfusion  pressure 
(Werthessen  et  al  (419)  as  recalculated  by  konajers  (45)),  did  also 
indicate  an  inverse  relationship  between  upt «ke  of  cholesterol  and 
tissue  cholesterol  content.  They  concluded:  "the  aortic  content  of 
cholesterol  ...  is  subject  to  control."  (417). 


We  found  that  the  in  vivo  uptake  of  la.be lltd  free  cholesterol 
Into  aortic  segments  with  intact  endothelium  in  unmanipulated 
rabbits  also  was  inversely  correlated  to  the  cholesterol  content 
of  the  segment  (Fig. 117)  (46).  These  results  strengthen  the  con- 
cept of  the  presence  of  a mechanism  for  the  control  of  arterial 
cholesterol  content. 


As  che  inverse  relationship  was  not  found  for  regions  with 
spontaneously  injured  endothelium  (denoted  blue  regions  in  '.«e 
diagram)  it  is  likely  that  the  controlling  function  Is  related  to 
the  presence  of  a continuous  undamaged  endothelium  (46 >.  These 
results  suggest  that  the  control  may  involve  adjustment  of  choles- 
terol transfer  from  plasma  in  accordance  with  local  requirements 
of  the  tissue  (46).  It  is  possible  that  the  underlying  rechanlsm 
for  this  "metabolic"  coupling  between  endothelium  and  smooth  muscle 
tissue  with  regard  to  cholesterol  uptake  and.  content  could  be  based 
on  communication  via  a gap  junction  system. 


Another  type  of  cell-to-cell  contact  known  for  a long  time  is 
the  so-called  tight  junction  or  zonula  occiudens.  It  Is  an  area 
of  cell  contact  in  which  there  is  apparent  fusion  of  plasma  mem- 
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brane  outer  leaflets  with  an  obliteration  of  the  extracellular  space 
(94,  95).  Its  structural  properties  in  sections  are  illustrated  in 
Fig. il8  taken  from  a recent  paper  hy  Huttner  and  collaborators  (154). 


Freeze-fracturing  also  reveals  that  the  tight  junction  comprises 
rearrangement  of  intramembraneous  particles.  Fig. 119  was  published 
by  Goodenough  and  Revel  (122)  and  shows  the  fine  structure  of  the 
tight  junctions  present  lateral  to  a bile  canaliculus  in  the  liver. 
The  tight  junction  consists  of  chain-like  clusters  of  Intranembran- 
eous  particles  situated  in  the  same  plane  as  the  outer  membrane  leaf- 
let. Interlacing  grooves  in  the  inner  membrane  leaflet  correspond 
to  the  chains  of  granules.  In  the  lower  picture  a bile  canaliculus 
is  fractured  and  the  grooved  aspects  of  the  two  junctions  which  seal 
the  canuliculus  are  visible. 


There  is  solid  experimental  basis  for  the  opinion  that  the  tight 
junctions  represent  Intercellular  permeability  barriers.  However, 
there  seems  to  be  a general  consensus  that  the  tight  junctions  in 
arterial  endothelium  (104,  155,  156,  336,  382)  do  not  form  a contin- 
uous intercellular  barrier.  Small  intercellular  clefts  permit  low 
molecular  compounds  and  small  macromolecules  (around  40000  M.W.)  to 
pass  from  the  blood  stream  to  the  subendothelial  zone.  Larger  mole- 
cules, as  for  instance  serum  lipoproteins,  seem  to  be  transported 
exclusively  via  vaceolae  and  vesicles  (383).  Dr.  Olga  Stein  will 
treat  the  subject  of  the  transport  of  macromolecules  through  the 
endothelium  in  more  detail. 


"That  tight  junctions  may  be  not  so  tight  under  some  conditions” 
was  stated  by  Florey  in  a survey  on  the  endothelial  cell  in  1966 
(105).  The  permeability-increasing  effect  on  capillary  endothelium 
of  certain  metabolic  inhibitors,  as  for  example  dinitrophenol,  and 
the  widening  of  junctions  in  inflammation  and  under  the  action  of 
certain  vasoactive  substances  were  quoted  as  examp.' 


That  the  permeability  of  venules  may  increase  due  to  endothel- 
ial cell  contraction  with  widening  of  the 
Endothelial  Cell  intercellular  clefts  seems  to  be  well 

Contraction  established  (169).  Although  contractile 

fibers  and  actinomyosin  (21)  have  been 
demonstrated  in  arterial  endothelial  cells,  the  property  of  such 
cells  to  contract,  actively  is  far  from  proven.  Characteristic 
changes  that  may  indicate  active  endothelial  cell  contraction  are 
(1)  nuclear  deformation;  (2)  bulging  of  the  cell  towards  the  lumen; 
and  (3)  the  widening  of  intercellular  clefts,  all  of  which  are 
illustrated  in  Tig. 120  from  a survey  by  Majno  (208).  Such  changes, 
however,  can  be  induced  by  other  factors. 


As  shown  by  Haudenschild  and  collaborators  (134)  the  structure 
of  the  endothelium  is  highly  dependent  on  how  the  initial  fixative 
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Fipn  119;  Freeee-fracture  fr*s  of  tight  function*  exhibit  rsarrangsment  c f the  intramemfaraneous 
partidei,  a*  for  jap  junctions  but  as  chain-like  dusiers  {cf.  f-g.  1 16).  £1*  canaliculus  region  in  liter. 
From  Gcodenough  and  Revel  (Isf70). 
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is  applied.  This  is  illustrated  in  Figs. 121  and  122  showing  elec- 
tron micrographs  of  endothelial  cells  from  rabbit  aortae  fixed  in 
situ.  The  perfusior.  pressure  was  high  enough  to  straighten  the 
elastic  laai’-’c  (32  mm.  Hg)  when  the  aorta  used  for  Fig.  121  was 
fixed.  If  tae  lorta  was  fixed  with  perfusior  at  a lower  pressure, 
the  cell  nucleus  had  indentations  similar  to  those  occurring  i r 
actively  contracted  venular  endothelial  cel).  (Fig. 122). 

The  second  criterion,  bulging  of  the  cell  into  the  lu»in  is 
not  specific,  tt  occurs  in  other  situations  as  e.g. , after  injury 
(41,  149,  169,  185),  which  is  illustrated  in  Fig.  123.  Extreme 
bulging  of  a cell  in  the  abdominal  aorta  after  mechanical  injury  is 
seen  in  Fig. 124  (149).  To  avoid  misunderstandings  I should  stress 
Chat  these  considerations  do  not  exclude  the  possibility  of  active 
endothelial  contraction  in  arteries.  However,  I think  they  should 
lead  to  the  following  conclusions:  (1)  The  existence  of  active 
endothelial  cell  contraction  in  arteries  has  not  been  convincingly 
demonstrated;  (2)  special  caution  is  necessary  when  interpreting 
changes  which  are  non-specific  as  representing  active  endothelial 
cell  contraction. 


Even  in  normal  animals,  blood  constituents  as  albumin  (23,  57, 
167,  215,  245)  and  plasma  phospholipius  (192)  enter  the  arterial 

wall  with  an  uneven  distribution.  There 
Various  Stages  of  is  an  increased  uptake  in  certain  repro- 

Endothelial  Cell  ducible  areas  as  around  the  mouths  of 

Injury  branches  and  in  bends  or  constrictions, 

i.e.,  such  regions  where  increased  hemo- 
dynamic strain  on  the  wall  can  be  expected.  Such  areas  often  show 
intimal  edema,  microthrombi  (245)  and  clearly  damaged  or  missing 
endothelial  cells  (41,  167).  We  have  extended  these  observations 
with  a technique  by  which  the  aortic  endothelium  is  subjected  to  a 
functional  test  In  situ  which  enables  us  to  evaluate  the  selectivity 
of  transfer  of  substances  through  tb-*  endothelial  plasma  membranes. 
The  test  is  based  on  the  well  documented  capacity  of  uninjured  cells 
to  prevent  certain  indicator  dyes  from  passing  the  plasma  membrane 
barrier  and  en^er  the  cytoplasm.  Such  indicators  arc  trypan  blue, 
uncomplexed  Evans  blue  or  nigrosin.  It  should  be  emphasized  that 
Evans  blue  in  this  context  is  used  in  uncomplexed  form  and  not  bound 
to  albumin.  Evans  blue  if  bound  to  albumin  serves  merely  as  a vis- 
ible marker  for  albumin  and  has  been  used  by  a number  of  groups  to 
follow  the  uptake  of  plasma  albumin  into  the  arterial  wall  and  other 
tissues. 


Comparisons  between  endothelial  cell  morphology  with  inter- 
ference contrast  microscopy  and  the  uptake  of  stain  indicator  show- 
ed that  nigrosin  exclusively  stained  cells  changed  to  a degree  which 
would  indicate  cell  death  while  trypan  blue  and  Evans  blue  stained 
cells  with  all  degrees  of  injury.  There  is  Information  available 
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froa  ihe  ,'undamental  work  of  Bessi.s  (29)  on  structural  changes 
related  to  different  degrees  of  cell  injury  in  generai,  and  by  Hoff 
and  Gottlob  on  experimental  arterial  endothelial  cell  injury  in 
particular  (for  revitN  see  149).  There  seeas  to  be  a strong  rela- 
tionship between  endothelial  Injury  and  areas  with  increased  hemo- 
dynaaic  strain.  Severely  Injured  endothelial  cells  show  a decreased 
selectivity  of  plasaa  aeabrane  permeability  with  uptake  of  nigro- 
sln.  the  heavily  stained  cells  bulge  marked)  into  the  lumen. 

Most  conventional  light  microscopic  cell  characteristics  are  absent, 
indicating  marked  cell  injury.  The  electron  micrograph  of  on  exper- 
imentally injured  endothelial  cell  from  a paper  by  Hoff  and  Gottlob 
(150)  can  be  used  as  reference  (Fip,.  i25).  Note  the  extrusion  which 
is  larger  than  the  original  cell. 

At  this  point  it  should  be  emphasized  that  the  presence  of 
injured  endothelial  cells  in  all  probability  does  not  reflect  a 
static  condition.  On  the  contrary,  taken  together  with  the  patchy 
distribution  of  intense  endothelial  cell  regeneration  referred  to 
earlier,  it  probably  reflects  areas  with  very  rapid  endothelial  cell 
turnover.  In  addition  to  serving  as  a plasma  membrane  permeability 
indicator  the  penetration  of  the  stain  used  for  dye  exclusion  tests 
below  the  endothelium  can  serve  as  an  indication  for  an  increased 
permeability  of  the  endothelial  barrier,  at  least  for  a low  molecular 
weight  compound.  Related  to  the  presence  of  injured  endothelial 
cells,  with  nuclei  showing  up  as  dark-blue  spots,  is  a diffuse  blue 
background  staining  which  is  due  to  penetration  of  the  marker  to  the 
subendothelium  and  inner  media  indicating  increased  endothelial  per- 
meability. 

It  has  been  shown  that  the  uptake  of  cholesterol  into  areas  with 
uninjured  endothelium  probably  is  an  active  transport  process,  in- 
volving hydrolysis  of  cholesterol  ester  as  a primary  step,  a process 
that  might  be  adjusted  to  the  requirements  of  cholesterol  of  the 
tissue  as  mentioned  earlier  (46).  It  is  possible  that  this  process 
Is  equivalent  to  the  transport  of  large  macromolecules  or  molecular 
aggregates  by  cytoplasmic  caveolae  and  vesicles  noted  by  others. 


The  active  transport  process  of  cholesterol  Is  also  present  in 

areas  with  a large  proportion  of  injured 
Transport  across  endothelial  cells.  But  here  the  additional 

Injured  Endotheliur  movement  of  both  free  and  esterified  chol- 

esterol is  probably  due  to  easier  filtra- 
tion of  lipopro.  eins  (46).  These  considerations  suggest  that  Co  the 
transport  of  lipoproteins  by  intracellular  vesicles  and  possibly  by 
Intercellular  clefts  should  be  added  a third  route  in  the  normal 
artery;  namely,  filtration  through  discontinuities  due  to  injured 
endothelial  cells. 

But  it  appears  that  a considerable  barrier  function  is  still 
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present  In  spontaneously  injured  endothelium.  Although  the  uptake 
of  cholesteryl  ester,  and  presumably  lipoprotein,  was  significantly 
RASStT  higher  through  spontaneously  injured  endothelium  in  the  rabbit,  it 
was  on  average  not  more  than  2.5  times  that  into  uninjured  areas 
(46).  This  phenomenon  seems  quite  normal  and  could  reflect  a physio- 
logical increase  in  flux  of  nutriments  and  oxygen.  The  presence  cf 
a partially  retained  barrier  function  is  seen  in  the  difference  be- 
tween transfer  rates  in  completely  denuded  areas  which  averaged  32 
times  that  of  normal  endothelium-covered  areas.  Restated  for  empha- 
sis: If  we  as.iign  a value  of  1 to  a normally  endothelialized  artery 
filtration  rate,  that  of  the  spontaneously  injured  endothelium  be- 
comes about  2.5  and  where  there  is  no  endothelium  the  value  is  about 
32.  We  have  no  evidence  for  specific  routes  for  transport  through 
injured  endothelial  cells,  but  tend  to  believe  that  it  occurs  by 
mere  filtration  through  discontinuities  in  and  besides  the  cells. 
Scanning  electron  micrographs  of  endothelial  cells  from  areas  with 
spontaneously  injured  endothelium  in  rabbit  aortae  suggest  that  this 
assumption  may  be  correct.  Large  openings  are  present  in  the  dis- 
tended cell.  The  presence  of  such  discontinuities  say  not  only 
explain  the  increased  permeability  but  also  the  greater  tendency 
for  formation  of  microthrombi  on  injured  arterial  endothelial  cells 
(41). 

DR.  LINDNER:  If  I understood  Dr.  Bjorkerud  correctly  he  said 

that  re-endothelializatlon  may  extend  over  an  eighteen  month  period. 

What  evidence  do  you  have  for  that  state- 
Endothellal  Repair  ment?  All  the  research  in  the  re-endo- 

thelialiration  and  turnover  of  endothe- 
lial cells  with  thymidin  by  several  groups,  Haus  and  my  group  inclu- 
ded, show  a veiy,  veiy  high  increase  cf  the  turnover  rate  after  any 
kind  of  alterations.  You  showed  a picture  with  Knieriem  and  Bond- 
jers  that  indicated  widenvin,  the  spaces  between  the  smooth  muscle 
cells  and  you  postulate  that  this  tatetiul  between  In  the  spaces  is 
fibrin.  Have  you  seen  the  periodicity  of  fibrin? 

DR.  BJORKERUD:  I haven't  but  I think  that  Dr.  Knieriem  has. 

Did  you  sec  it.  Dr.  Knieriem? 

DR.  KNIERIEM:  We  call  It  fibrin-like  and  protolnoceous  mater- 

ial (185).  There  are  no  typical  fibrin  bands  with  periodicity. 

The  material  is  core  floccular  and  quite  loosely  arranged. 

DR.  BJORKERUD:  And  to  your  first  question.  It  can  be  answered 

very  easily  because  if  the  endothelium  does  not  reach  i desquamated 
region,  it  doesn't  matter  if  the  endothelium  present  in  o*-hcr  regions 
has  c very  high  mitotic  index.  In  addition  to  the  pos^f  Ic  explana- 
tion mentioned  earlier  in  my  lecture,  I would  like  to  mention  the 
possibility  that  the  potential  for  mitotic  multiplication  of  the 
cells  may  be  exhausted.  Ponten  ai.<  collaborators  have  presented 
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evidence  obtained  from  work  with  tissue  cultures  that  each  tissue 
has  a limited  "supply"  of  mitotic  cycles  which  it  can  undergo.  With 
a very  high  rate  of  mitotic  division  this  limitation  could  play  a 
role  for  the  marked  delay  of  the  re-endothelialization. 

DR.  KRITCHEVSKY:  You  showed  aortic  wall  continuities  chrough 

which  cholesterol  might  filter.  Of  course  the  cholesterol  is  pre- 
sented as  lipoprotein  and  I would  like  to  ask  if  the  cholesterol 
infiltrates  while  the  protein  remains  behind.  Does  the  size  of  the 
discontinuity  permit  you  to  calculate  what  might  be  happening? 

DR.  BJORKERUD:  The  size  is  large  enough  to  let  even  chylo- 

microns in.  As  you  know  the  parameter  we  used  for  estimating  the 
entrance  of  lipoproteins  was  the  transfer  of  cholesterol  esters. 

This  approach  is  to  a great  deal  based  on  results  from  you  and 
Dr.  Rothblat  rel.  .ing  to  the  degree  of  physical  exchange  of  free 
cholesterol  and  esterified  cholesterol.  However,  estimating  lipo- 
protein transfer  by  measuring  transfer  of  cholesterol  esters  is 
probably  too  unprecise  to  permit  a more  detailed  quantitative 
analysis. 


DR.  ROSS:  How  was  the  tissue  prepared?  Was  this  critically 

point  dried  tissue  or  just  frozen  dried  tissue.  I am  talking  about 
the  scanning  electron  microscope.  This  is  a very  important  issue. 


DR.  BJORKERUD:  I agree  about  the  importance  of  the  question. 

We  found  it  very  difficult  to  preserve  the  integrity  of  the  endo- 
thelium with  any  type  of  technique  if  special  care  was  not  taken  to 
avoid  the  formation  of  artifacts.  Artifacts  may  be  formed  during 
any  step  of  the  preparation  procedure.  Mere  exposure  to  the  air  of 
the  laboratory  may  induce  artifacts  as  contamination  with  dust  part- 
icles, uncontrolled  drying  with  shrinkage,  and  formation  of  cracks 
or  other  defects  by  exposing  the  dehydrated  sample  to  the  moisture 
of  the  air.  I don't  think  it  is  possible  to  avoid  artifacts  and  I 
do  haidly  believe  that  any  procedure  would  be  ideal.  Therefore, 
we  have  tried  to  obtain  some  insight  as  to  what  is  artifactual  or 
not,  by  studying  several  samples  which  have  been  prepared  each  with 
a different  preparative  procedure.  Structures  present  in  samples 
prepared  with  different  techniques  would  more  likely  represent  true 
structures.  Structures  only  appearing  after  one  type  of  preparation 
are  more  likely  to  be  artifacts. 


\1 


DR.  ROSS:  But  you  did  not  use  critical  point  drying. 

Dk.  ? TORKERUD:  Yes,  I think  we  did. 


DR.  RObS:  Dr.  Arnold  Tamarin  at  the  University  of  Washington 

and  I have  also  been  doing  scanning  electron  microscopy.  Without 
critical  point  drying  you  introduce  enormous  artifacts  into  tissue. 
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It  must  be  critically  point  dried.  Freeze  drying  by  itself  is  not 
sufficient.  You  have  to  use  a bomb  to  do  this. 


r 


DR.  BJORKERUD:  I recall  we  actually  used  critical  point  de- 

hydration a few  times  as  described  by  Anderson  (13)  with  a home- 
made critical  point  dehydration  equipment.  The  actual  preparative 
work  with  this  technique  was  carried  out  by  Dr.  Hans-Arne  Hansson 
at  our  Institute.  The  results  were  very  similar  to  those  obtained 
by  freeze  drying  under  the  conditions  used  by  us. 

DR.  MINICK:  I would  like  to  comment  briefly  about  the  import- 

ance of  the  techniques  used  to  process  arterial  tissue  for  scanning 
electron  microscopy  and  demonstrate  changes  that  can  be  induced  in 
the  endothelial  lining  of  arteries  by  immunological  arterial  ini'  -y- 

In  preparations  of  cultured  endothelial  cells  processed  by 
critical  point  drying,  many  blebs  and  micro-villi  are  seen  on  the 
surfaces  and  some  cells  extend  long  thin  processes  toward  adjacent 
cells.  These  details  cannot  be  seen  in  air  dried  material.  Endo- 
thelial cells  lining  normal  arteries  are  covered  with  similar  blebs 
and  microvilli  which  are  more  prominent  in  the  endothelium  of  the 
ascending  portion  of  the  aorta  th'n  in  coronary  arteries.  Micro- 
villi and  blebs  appear  to  be  most  prominent  overlying  nuclei  of 
cells  as  well  as  near  the  junctions  between  cells  (Fig. 126).  There 
is  no  evidence  of  openings  between  cells;  however,  there  are  occas- 
ional craters  within  endothelial  cells  which  might  be  confused  with 
openings  between  cells  but  we  believe  represent  ruptured  blebs.  As 
in  the  case  of  endothelial  cells  in  vitro,  microvilli  and  blebs  are 
not  prominent  in  air  dried  material.  Moreover,  we  have  seen  in- 
stances of  what  appear  to  be  prominent  openings  between  endothelial 
cells  near  arterial  branch  sites  in  air  dried  mater, 3l  but  to  date 
we  have  not  observed  these  openings  in  critical  point  dried  material. 
Thus,  prominent  features  of  the  endothelial  surface  are  quite  variable 
depending  on  techniques  used  to  process  the  tissues,  a fact  that  is 
important  to  remember  when  interpreting  observations  made  by  scanning 
electron  microscopy. 

Next,  I would  like  to  demonstrate  some  of  the  changes  produced 
in  the  endothelium  of  rabbit  coronary  arteries  by  immunological 
injury,  specifically,  by  immune  complex  disease  induced  by  repeated 
injections  of  horse  serum  (223).  Preliminary  results  of  our  experi- 
ments demonstrate  distinct  alterations  in  the  structure  of  the  endo- 
thelium in  coronary  arteries  and  aortas  of  rabbits  repeatedly  in- 
jected with  horse  serum.  In  some  areas  platelet  aggregates  are 
loosely  attached  to  the  endothelium.  In  adjacent  areas  platelets 
are  firmly  attached  to  arterial  lining  in  the  area  of  junctions 
between  endothelial  cells;  adherent  plate1 its  are  sometimes  assoc- 
iated with  openings  between  endothelial  cells  (Fig. 127).  I cannot 
be  determined  by  scanning  electron  microscopy  whether  platelets 
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Figure  128:  Scanning  electron  photomicrograph  of  endothelial  surface  of  ascending  throacie  aorta 
of  normal  rabbit.  Oval  elevations  (arrow)  represent  portion  of  cell  overlying  the  nucleus. 
Endothelial  surface  of  ascending  aorta  is  characterized  by  numerous  vesicles  and  microvilli.  No 
openings  are  present  in  the  area  of  intercellular  junctions,  (x  1980) 


Figaro  1Z7:  Scanning  electron  photomicrograph  of  endothelial  surface  of  coronary  artery  of  rabbit 
If  12-662  that  received  two  intravenous  injections  of  horse  serum  a:  16-day  intervals.  Platelets 
adhere  to  the  endothelial  surface  in  the  area  of  the  junction  between  endotiwiitl  cells.  Note 
openings  between  endothelial  cells  adjacent  to  adherent  platelet  (arrow),  (x  1738) 
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adhere  to  the  surface  of  endothelial  cells  or  to  underlying  mater- 
ial  in  the  subendothelial  area  exposed  by  contraction  of  endothe- 
lial cells.  Adjacent  to  other  openings  in  the  endotheliua  are 
fragments  of  membraneous  debris  which  presumably  represent  remnants 
of  disintegrated  platelets.  Leukocytes  also  adhere  to  the  endo- 
theliua and  fill  large  gaps  or  defects  in  the  endothelial  lining 
(Figs. 128,  129).  Soae  defects  are  surrounded  by  thinned  and  atten- 
uated endotheliua;  often  leukocytes  can  be  visualized  beneath  this 
attenuated  endotheliua.  In  soae  instances  portions  of  altered  en- 
dothelium have  sloughed  leaving  denuded  areas  covered  by  leukocytes 
and  platelets  (Fig. 130).  Eventually  denuded  areas  are  covered  by 
other  cells  which  aay  represent  endothelial  cells  or  smooth  muscle 
cells. 

Thus,  iaaune  complex  disease  aay  lead  to  alterations  in  the 
endothelial  lining  that  may  account  for  increased  peraeability  of 
endotheliua  to  large  macroaolecules,  e.g. , iaaune  complexes  or  li- 
poproteins. Moreover,  results  of  our  experiments  furnish  direct 
evidence  that  platelets  and  leukocytes  play  an  important  role  in 
the  pathogenesis  of  the  arterial  lesions  found  in  experimentally 
induced  iaune  complex  disease.  This  is  in  harmony  with  a large 
quantity  of  indirect  evidence  obtained  by  other  investigators  (67, 
180,  181).  Finally,  increased  endothelial  permeability  resulting 
from  endothelial  changes  such  as  those  illustrated  here  may  be  of 
prime  importance  in  the  pathogenesis  of  the  experimental  athero- 
sclerosis induced  by  the  synergy  of  imaunological  arterial  injury 
and  lipid  rich  diet  (224,  225). 

DR.  OLGA  STEIN:  I would  like  to  present  some  of  our  findings, 

then  tell  you  about  soae  of  our  speculations  as  to  how  the  struc- 
ture of  normal  aortic  endotheliua  seems 
Transendothelial  to  be  adapted  to  the  process  of  macro- 

Transport  molecular  transport.  The  two  transendo- 

thelial routes  shown  in  Fig. 131  can  be 
defined  as  intercellular  or  transcellular  and  have  been  defined  in 
very  many  endothelia  of  capillaries.  Since  we  shall  be  drawing  soae 
comparisons  between  aorta  ana  capillaries,  I would  like  to  point 
out  that  there  are  some  analogies  between  the  two  types  of  endothe- 
liua and  I am  referring  to  the  presence  of  continuous  endotheliua 
in  the  aorta  which  is  similar  to  that  of  soae  capillaries.  In  the 
aortic  endotheliua  of  rat  and  mouse,  both  of  which  we  have  investi- 
gated, there  is  a close  apposition  of  cells  and  the  intercellular 
clefts,  which  are  quite  narrow  are  pursuing  tortuous  routes  (Fig. 
132).  The  aortic  endotheliua  is  also  very  rich  in  plasmaleaaal 
vesicles  which  can  be  seen  on  both  the  luainal  and  abliainal  sides 
and  in  the  middle  of  the  endotheliua.  In  regions  in  which  there  is 
very  close  apposition  between  the  leaflets  of  the  two  plasma  mem- 
branes of  adjoining  cells,  a punctate  junction  is  formed  (Fig. 133). 
It  is  really  not  quite  certain  whether  these  are  permanent  tight 


1 





RELATIONSHIP  OF  ENDOTHELIUM  TO  SMOOTH  MUSCLE  209 


Figure  128:  In  some  areas,  leukocytes  (arrow)  were  attached  to  the  endothelial  surface  (Fig.  128) 
while  in  adjacent  areas,  leukocytes,  often  as  many  as  10  or  20  were  present  within  openings  (arrow) 
in  the  endothelium  (Fig.  129).  Note  numerous  villous  processes  characteristically  seen  on  surface  of 
leukocytes. 


| Figure  129:  In  some  are  s,  leukocytes  (arrow)  were  attached  to  the  endothelial  surface  (Fig.  128) 

r while  in  adjacent  areas,  leukocytes,  often  as  many  as  10  or  20  were  present  within  openings  (arrow) 

k in  the  endothelium  (Fig.  129).  Note  numerous  villous  processes  characteristically  seen  on  surface  of 

F leukocytes. 
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junctions  but  they  seer,  to  provide  barriers  to  the  penetration  of 
several  markers  including  colloidal  lanthanum  (Fig. 134).  Certain 
other  regions,  which  can  be  probably  designated  as  gap  junctions, 
are  penetrable  by  lanthanum  (384).  In  order  to  learn  about  the 
problem  of  macromolecular  transport  we  also  used  isolated  lipopro- 
tein fractions  which  were  labeled  with  I^-S,  predominantly  in  the 
protein  portion  of  the  molecule.  With  the  help  of  radioautography 
we  were  able  to  demonstrate  that  in  a perfused  system  there  is 
transport  of  lipoprotein  particles  through  normal  endothelium  (387). 
HDL  particles  were  shown  to  penetrate  more  readily  (Fig. 135)  than 
LDL  particles  (Fi.^.136)  arid  the  least  reauily  taken  up  were  the 
VLDL  particles.  Kadioautography  did  not  permit  us  to  delineate  the 
route  of  transport  and  to  that  end  we  have  used  markers  of  known 
molecular  weight  such  as  horseradish  peroxidase  and  lactoperoxidase. 

Horseradish  peroxidase  is  transported  very  readily  from  the 
luminal  surface  to  the  abluminal  surface  and  both  the  plasmalemmal 
vesicles  and  the  intercellular  clefts  are  passable  by  this  marker 
(Fig. 137).  When  we  repeated  these  studies  with  lactoperoxidase 
(82,000  molecular  weight),  the  re-.'' cion  product  was  seen  in  the 
lumen,  in  plasmalemmal  vesicles,  but  not  in  the  intercellular  cleft. 
These  findings  provide  some  information  as  to  the  size  of  molecules 
which  would  transverse  the  endothelial  cell  via  the  plasmalemmal 
vesicles  or  pass  through  the  intercellular  clefts.  Thus  even  though 
from  radioautography  one  cannc*  really  conclude  conclusively  whether 
the  developed  grain  is  present  inside  the  small  vesicle,  it  seems 
plausible  that  since  HDL  particles  are  at  least  twice  as  large  as 
the  lactoperoxidase  the  mechanism  for  their  transport  lies  in  the 
plasmalemmal  vesicles. 

Having  shown  that  there  is  some  transport  of  particles  in  the 
form  of  HDL  and  LDL  across  normal  endothelium,  the  question  was 
asked  next  whether  vesicular  transport  of  these  lipoproteins  might 
be  sufficient  to  account  for  the  accumulation  of  cholesterol  with 
age.  Since  we  shall  discuss  vesicular  transport  of  particles  it 
seems  pertinent  to  point  out  the  difference  in  the  amount  of  chol- 
esterol contained  in  the  particles.  It  is  such  that  the  number  of 
HDL  particles  which  will  contain  one  microgram  of  cholesterol  is 
much  smaller  than  the  number  of  LDL  particles. 

The  next  question  was  whether  accumulation  of  cholesterol  can 
be  accounted  for  by  the  transport  of  either  of  the  lipoproteins  or 
by  both,  via  the  endothelium.  We  must  also  ascertain  if  we  have 
enough  vesicles  required  to  transport  such  an  amount  of  cholesterol 
(381).  We  have  taken  the  liberty  to  use  some  of  Dr.  Smith’s  data 
(345,  346)  about  the  thickness  of  the  intima  at  certain  ages  and 
also  about  the  amount  of  cholesterol  which  accumulates  in  an  inti- 
raal  segment  during  a certain  amount  of  time  (Fig  138).  Assuming 
that  the  endothelium  of  the  aorta  is  similar  enough  to  that  of 


Kyurt  137:  Aonic  endothelium  1-2  min  after  injection  of  horseradish  peroxidase.  The  tracer  is  seen 
in  pi  Kmalemmal  vesicles,  in  the  intercellular  cleft  and  in  subendothelial  space,  x 46.000 
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F*  * Schematic  representation  of  vesicular  transport  of  cholesterol  in  the  form  of  HDL  and 
LDL  parti-  - , the  aortic  endothelium  into  the  intima. 
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capillaries  of  skeletal  muscles  or  tongue,  we  might  postulate  that 
the  number  of  vesicles  that  were  estimated  in  those  capillaries  by 
Brooms  and  Palade  (51,  52)  and  Casley-Smith  (59,  60)  is  of  the  same 
order  of  magnitude  as  that  present  in  the  aorta  (Fig. 139).  We  have 
also  estimated  a range  for  traverse  and  attachment  time  of  the 
vesicle  which  means  the  time  it  takes  for  the  vesicle  to  form,  to 
move  and  to  traverse.  Thus  it  became  possible  to  calculate  the 
number  of  vesicles  which  will  be  available  from  a certain  intlmal 
segment  during  a certain  time  period. 


Assuming  that  those  vesicles  have  to  transport  about  two  micro- 
grams of  cholesterol  (the  amount  which  is  accumulating  in  that  time 
interval)  and  if  we  assume  that  one  vesicle  will  transport  one  par- 
ticle then  we  may  predict  that  in  order  to  transport  this  amount 
of  cholesterol  we  would  need  only  one  out  of  ten  thousand  vesicles 
to  transport  all  the  IDL  particles  and  one  out  of  five  hundred 
vesicles  to  transport  hHL  particles  in  order  to  account  for  the 
amount  of  cholesterol  which  has  accumulated.  Of  course,  many  lssujp- 
tions  and  approximations  were  made  in  these  calculations,  but  the 
point  I would  like  to  make  is  that  the  vesicular  transport  which 
we  have  demonstrated  to  be  present  in  the  aortic  endothelium  could 
account  for  the  transport  of  cholesterol  which  accumulates  with  age. 


DR.  A.  P.  SOKLYO:  When  you  are  treating  tissue  with  colloidal 

lathanum  how  often  do  you  find  that  the  abluminal  vesicles  also 
contain  colloidal  lanthanum?  In  comparison,  for  example,  with 
horseradish  peroxidase.  For  those  who  are  not  electron  microscopies 
I think  I should  qualify  this  question  by  saying  that  horseradish 
peroxidase  is  applied  prior  to  fixation  and  colloidal  lanthanum 
after  fixation.  The  question  is  how  many  of  the  abluminal  vesicl; 
really  conmunicate  through  some  kind  of  channel  with  the  luminal 
side? 


DR.  OLGA  STEIN:  In  our  experiments  we  usually  found  only 

colloidal  lanthanum  in  the  luminal  vesicles  and  I really  don’t  re 
call  finding  them  in  the  abluminal  vesicles. 


DR.  SMITH:  This  table  compares  the  ratio  of  albumin,  low- 

density  lipoprotein  and  fibrinogen  in  plasma  and  in  normal  intima. 
This  is  intima  from  middle  aged  humans  and  is  comparable  to  the 
intima  fr->m  which  the  figures  for  cholesterol  accumulation,  which 
Dr.  Stein  used  in  her  calculations,  were  obtained.  There  is  a re- 
markable change  in  the  ratios  of  the  plasma  constituents  between 
the  plasma  and  che  intlmal  compartments.  Whereas  in  plasma  there 
is  fourteen  times  as  much  albumin  as  lipoprotein,  in  the  intima 
there  is  only  about  twice  as  much,  measured  as  concentration  of 
Intact  plasma  protein  per  unit  weight  of  intima.  I am  very  puzzled 
•.s  to  what  sort  of  mechanism  could  produce  this  effect.  My  own 
hypothesis  is  that  "whole  plasma"  crosses  'he  endothelium  in  pino- 
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cytotic  vesicles;  snail  molecules  such  as  albumin  then  pass  rapidly 
through  into  the  media  whereas  the  large  lipoprotein  gets  stuck,  or 
can  only  move  at  a slower  rate.  This  idea  is,  I think  supported 
by  some  of  the  Steins'  data  (387).  But  whether  this  concept  of  a 
vesicle  containing  whole  plasma  is  tenable,  I don't  know.  And  this 
is  a thing  on .which  I would  very  much  like  to  hear  the  Steins' 
comments . 


DR.  Y.  STEIN:  I think  the  first  possibility  you  mentioned,  that 

the  small  molecules  are  rapidly  traversing  through  the  media  and 
are  leaving  through  the  adventitial  side,  is  quite  possible.  But 
the  question  you  really  asked  was  whether  a quantum  of  plasma  is 
taken  up  into  the  vesicle  or  is  there  some  selective  uptake  of 
lipoproteins.  I can't  answer  this  with  great  certainty,  but  I could 
envisage  a process  by  which  lipoproteins  could  be  bound  selectively 
to  specific  sites  on  the  endothelium  and  following  membrane  invag- 
ination lipoproteins  would  be  interiorized  to  a greater  extent  that, 
the  other  serum  components.  This  is  something  we  have  to  investi- 
gate in  the  future,  but  I think  at  the  moment  that  both  possibilities 
are  open. 

DR.  EJORKERUD:  It  is  somewhat  puzzling  that  the  information 

obtained  with  transmission  electron  microscopy  seems  not  to  be  con- 
sistent with  some  of  our  results  obtained  with  scanning  electron 
microscopy  and  interference  contrast  microscopy.  Does  anyone  know 
if  branching  regions  have  ac^uilly  been  studied  to  an  extent  similar 
•_o  unbranchrd  regions?  It  is  possible  that  most  electron  aicroscop- 
ists  would  think  that  structures  whit-'  do  not  conform  with  the 
traditional  concept  of  endothelial  structures  represent  artifacts 
and  tend  to  discard  sample*  containing  abberant  structures.  Could 
it  be  that  the  concept  or  s.,  absolutely  continuous  arterial  endo- 
thelium could  be  based  on  closed  sampling?  Are  samples  from  branch*-  ; 
regions  studied  as  often  as  samp’s  from  unbranched  regions? 

DR.  OLGA  STEIN:  I was  not  able  to  see  channels  of  this  size, 

and  I am  not  aware  that  they  hive  been  described  in  the  literature. 
Going  back  to  the  question  of  lipoprotein  transport,  there  is  quite 
good  evidence  that  the  larger  lipoproteins,  such  as  chylomicrons 
and  VLOL  are  transported  less  rfcai  ily  than  the  smaller  lipoproteins. 
Also,  if  you  want  to  extrapolate  lo  clinical  conditions,  high  chylo- 
micron levels  are  not  accompanied  by  enhanced  development  of  athero- 
sclerosis while  in  the  presence  of  elevation  of  the  lower  sized  lipo- 
proteins, this  condition  is  much  more  frequent.  During  the  past 
decades,  physiologists  and  morphologists  have  been  battling  about 
the  interpretation  of  the  small  pore  equivalent,  and  the  large  pore 
equivalent  in  various  capillary  cudothella.  Do  we  still  have  to 
deal  with  yet  another  large,  large  pore?  Well,  perhaps  this  is 
oomething  for  the  future. 
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DR.  BJORKERUD:  Just  a short  comment.  Olga  Stein  and  I are 

talking  about  slightly  different  things.  I am  not  referring  to  the 
highly  organized  subcellular  endothelial  structures  that  we  have 
described  recently  (42)  but  possible  cellulat  defects  due  to  injury. 
Such  defects  or  discontinuities  could  either  be  due  to  damage  of  the 
cell  body  or  to  the  intercellular  junctions. 

Relating  to  Dr.  Smith's  lecture  I would  like  to  ask,  are  the 
results  presented  absolute  or  relative  amounts?  It  is  difficult  to 
imagine  that  it  would  be  a smaller  influx  of  albumin  into  a gelat- 
inous lesion  than  iutc  normal  endothelium. 

DR.  SMITH:  In  reply  to  your  question,  chat  slide  showed  only 
the  relationship  between  the  components.  I have  not  spoken  about 
the  gelatinous  lesions,  the  concentration  of  all  components  is 
greatly  increased,  but  lipoprotein  and  fibrinogen  are  increased  to 
about  -wice  the  extent  of  albumen.  Total  permeability  seems  to 
increase  and  the  retention  of  l.poprotein  seems  rc  increase  relat- 
ively more. 

DR.  STEIN:  I just  wanted  to  straighten  out  the  misunderstand- 

ing. I was  referring  to  something  else.  Now  discontinuities  in  en- 
dothelium, when  I see  that  I think  there  is  something  wrong  with  my 
preparation. 


DR-  WERTHESSEN: 
discussion  here  that 
Stein  just  mentioned 

Presence  of  "dead" 
Cells  in  Normal 
Endothelial  Lining 

of  this  point  if  it 
minutes  to  do  it. 


I think  from  where  I stand  outside  of  the 
a couple  of  points  are  being  missed.  Dr. 
one.  When  she  sees  an  apparently  dead  cell 
in  her  electron  micrograph  she  thinks 
there  is  something  wrong  with  the  pre- 
paration. Dr.  Bjorkerud  has  made  the 
point  that  dead  endothelial  cells  are 
normal.  I would  appreciate  a resolution 
can  be  done.  Can  you  do  it?  You  have  three 
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DR.  SCHWARTZ:  I would  like  to  comment  that  Dr.  Bjorkerud 's 

findings  with  respect  to  spontaneous  cell  injury  and  death  have 
been  confirmed  by  our  own  group,  but  specifically  in  areas  which 
accumulate  Evans  Blue  dye  in  vivo.  These  areas  of  dye  accumulation 
show  significant  structural  differences  which  can  be  interpreted 
as  cell  injury  in  a broad  sense.  One  often  finds  endothelial  cells 
in  which  the  organelles  have  been  lost  while  others  are  swollen  and 
vacuolated.  Within  the  normal  artery  we  have,  therefore,  a non- 
homogeneity and  areas  can  be  identified  which  exhibit  focal  endo- 
thelial injury  and  an  increased  endothelial  cell  turnover. 
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EDITORIAL  COMMJNT 


The  preceding  discussion  illustrates  the  strategy  of  a 
"Lindau-type"  conference  in  which  discussion  centers  on  divergent 
views  and  interpretation  of  the  seme  data.  Thereby  problems  may 
be  delineated  and  the  limits  of  knowledge  and  understanding  clearly 
laid  out. 


f-ijure  140:  Schematic  illustration  of  uptake  of  Evans  blue  dye  uy  the  wall  of  the  aorta 
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DR.  SCHWARTZ:  I would  like  to  describe  some  aspects  of  our 

work  on  endothelium;  in  particular  the  problems  of  macromolecular 

influx  and  the  focal  nature  of  differ- 
Macromolecular  Influx  ences  in  permeability  that  occur  spon- 

through  the  Endothelial  taneously  in  vivo  in  the  young  pig  aorta,  pig 
Lining  of  the  Aorta  The  experimental  model  that  I should  like 

to  describe  in  some  detail  is  the  Evans 
blue  model.  When  i inject  Evans  blue  in  vivo  it  does  not  stain  the 
aorta  diffusely,  but  has  a relatively  consistent  focal  uptake  pat- 
tern as  shown  schematically  in  Fig. 140  with  the  dye  uptake  occurring 
principally  in  the  aortic  sinus  of  Valsalva  region,  in  relation  to 
the  brachiocephalic  branches  in  the  arch,  and  near  the  intercostal 
ostia. 

We  have  examined  this  model  in  a variety  of  ways.  Initially, 

Somer  and  Schwartz  (355)  studied  the  aortic  uptake  in  vivo  of 
tritiated  cholesterol  in  ouch  areas  and  observed  a significantly 
greater  uptake  and  turnover  of  unesterified  ^H-cholesterol  in  areas 
of  Evans  blue  dye  accumulation  than  in  continguous  areas  showing  no 
dye  accumulation.  This  ve  have  interpreted  as  reflecting  a greater 
propensity  for  the  exchange  of  tritiated  unesterified  cholesterol 
in  areas  demarcated  by  Evans  blue  dye  accumulation. 

Transmural  gradient  studies  by  Somer  and  Schwartz  (356)  shoued 
that  the  slope  of  the  gradients  and  the  greater  activity  in  blue 
areas  were  due  to  unesterified  rather  than  esterified  cholesterol 
radio-activity. 

We  now  believe  that  the  focal  uptake  patcern  of  blue  dye  in 
vivo  reflects  the  response  of  the  vascu^r  endothelium  to  hemodyna- 
mic injury.  In  one  study  we  attempt'd  to  change  the  hemodynamic  sta- 
tus of  the  aorta  by  the  surgical  induction  of  aortic  coarctation 
(357).  This  model  is  currently  being  used  to  study  endothelial 
influx  to  a variety  of  ma.romolc-cules.  With  aortic  coarctation 
one  can  see  a very  significant  increase  in  the  extent  of  dye  uptake 
in  the  aorta  proximal  to  the  line  of  coarctation,  and  little  bluing 
distal  to  the  line  of  coarctation.  In  a sense,  these  findings  con- 
firm the  fact  that  altered  hemodynamic  status  can  modify  the  pattern 
of  Evans  Flue  dye  uptake. 

We  have  also  looked  at  a variety  of  other  factors  or  other  para- 
meters associated  with  this  focal  spontaneous  dye  uptake  pattern. 

For  example,  we  have  examined  endothelial  cell  turnover  using  Havt- 
chen  preparations  with  ^H-thvmid ine  autoradiography  and  found  that 
areas  of  dye  uptake  or  blue  areas  show  a significantly  greater  endo- 
thelial cell  turnover  than  contiguous  areas  from  tne  aortic  arch 
showing  no  dye  uptake  (57).  Incerest ingly  enough,  if  one  injures 
the  aorta  in  a variety  of  ways,  and  one  such  way  is  the  production 
of  endotoxin  injury,  cne  can  observe  a significant  increase  in 


i 

5 


J 

■1 

1 

\ 

t 

4 


4 


i 


■ - Cia&l - ~ - 


A 


222  CHAPTER  3 

endothelial  cell  turrove’*.  On  the  basis  of  the  turnover  studies,  we 
can,  I think,  conclude  that  the  areas  of  dye  accumulation  are  areas 
of  spontaneous  in  vivo  hemodynamic  injury. 

We  have  also  looked  at  endothelial  permeability  to  macromole- 
cules, and  in  particular  to  albumin  and  fibrinogen  (24).  Calculated 
*^I-albumin  influx  in  blue  and  white  areas  of  the  pig  aorta  in  vivo 
were  compared  for  white  and  blue  areas  frotc  the  thoracic  arch,  and 
for  white  areas  from  the  upper  and  lower  abdominal  aortic  segments. 
Influx,  which  has  been  calculated  on  the  basis  of  mlcrograms/cm^/hr 
was  cignificantly  greater  in  blue  than  in  white  areas.  What  is  also 
important  is  the  observation  that  the  thoracic  white  areas  had  a 
significantly  greater  influx  of  albumin  chan  either  the  upper  or  low- 
er abdominal  aortic  segments.  In  other  words,  the  normal  young  pig 
no  aorta  shows  both  focal  and  regional  differences  in  permeability  to 
radio-iodinated  albumin. 

A similar  study  was  undertaken  using  -31j  human  fibrinogen 
(22).  As  with  albumin,  influx  in  blue  ar<*3s  was  significantly 
greater  than  in  areas  of  no  dye  accumulation.  Significantly  less 
fibrinogen  than  albumin  entered  the  aorta.  Albumin  with  a mole- 
cular weight  of  approximately  69,000  and  fibrinogen  with  a mole- 
cular weight  of  some  340,000  should,  if  molecula-  weight  were  the 
prime  determinant  of  influx,  show  a five-fold  difference  in  influx. 
The  calculated  influx  for  albumin  and  fibrinogen  differed  by  some 
fifteen  to  twenty  fold.  This  could  indicate,  perhaps,  that  we  are 
not  dealing  with  an  influx  which  is  directly  proportional  to  mole- 
cular weight  alone.  In  the  case  of  fibrinogen,  the  influx  appears 
to  be  consiotnnt  with  a molecule  of  one  million  (mw),  compatible 
with  its  physical  behavior  in  gel  filtration  columns.  An  important 
point,  however,  is  that  the  endothelium  of  the  normal  aorta  does 
seem  to  exert  seme  discriminatory  capacity  in  controlling  macro- 
molecular  influx. 

The  blue  and  white  areas  do  differ  morphologically  and  one 
of  the  striking  features  of  the  difference  is  the  presence  jf  a 
prominent  sub-intinal  edema  in  the  areas  of  E.ans  blue  dye  accumu- 
lation. 

We  have  examined  a number  of  features  of  the  blue  ard  white 
areas  with  both  en  face  preparations  and  scanning  and  transmission 
electron  microscopy.  Frequently,  silver  stained  boundaries  appeared 
thicker  in  blue  areas  than  in  white  areas.  Of  particular  interest, 
is  the  presence  of  a greater  number  of  apparent  discontinuities,  or 
gaps,  in  the  silver  boundaries  of  cells  in  blje  than  white  areas. 
These  "gaps"  were  three  times  more  frequert  than  in  the  white  ,-reas. 

In  other  words,  blue  areas  differ  from  white  areas  both  with 
respect  to  the  freque-cy  with  which  they  have  gaps  or  discontinuities 
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in  their  cell  boundaries  themselves.  Stigmata  and  stomata  exhibited 
•.  a similar  frequency  in  blue  and  white  areas.  It  would  seem  unlikely 
' therefote  that  these  are  the  detorminan.s  of  the  increased  endo- 

t thelium  permeability  in  blue  areac. 

i A number  of  other  features  were  found  in  the  silver  stained 

preparations  including  rather  large  dark  staining  areas  which  appear- 
ed well  circumscribed  by  what  appeared  to  be  cell  outlines.  We 
believe  these  probably  reflect  dead  or  dying  cells,  which  can  be 
seen  with  transmission  electron  microscopy. 


With  transmission  electron  microscopy,  it  was  apparent  th„t 
many  of  the  fine  silver  granules  in  en  face  preparations  could  re- 
present pinocytotic  vesicles.  With  both  transmission  and  scanning 
electron  microscopy,  blue  and  white  areas  have  a number  of  differ- 
ences which  I shall  not  attempt  to  describe  in  any  detail.  Some 
of  the  junctions  in  blue  areas  are  complex  and  the  boundary  gaps 
that  we  see  may  represent  cytoplasmic  processes  overlying  the  junc- 
tions, perhaps  preventing  access  of  the  silver.  I would  be  very 
reluctant  on  the  basis  of  our  findings  to  ascribe  any  definite 
structural  or  ultrastructural  differences  to  the  difference  in  per- 
meability which  have  been  observed  in  the  normal  aorta  in  vivo. 


DR.  SMITH:  I wonder  if  I could  look  at  your  influx  data  in  a 

slightly  different  way,  and  that  is  in  terms  of  the  amount  that  is 
present  in  the  plasma.  On  the  figures  you  gave  you  had  about  twenty 
times  as  much  influx  of  albumin  as  you  did  of  fibrinogen.  Your 
fibrinogen  concentration  was  somewhere  around  300  milligrams  per 
cent  and  presumably  the  albumin  was  also  at  physiological  levels. 

DR.  SCHWARTZ:  Yes,  perfectly  normal.  Yes,  these  were  per- 

fectly normal  animal  cells. 

DR.  SMITH:  So  that  you  had  perhaps  three  grams  per  cent  al- 

bumin. Now  if  you  look  at  the  amount  than  went  in  compared  to 
the  amount  that  is  in  contact  with  the  endothelium  then  you  get  a 
rather  different  picture  of  the  influx.  And  if  you  calculate  it 
nack  into  terms  of  vi lumes  of  the  plasma  from  which  they  were 
derived  you  find  a two-fe'd,  or  less  than  two-fold,  difference  in 
relative  influx  compared  with  a twenty-fold  difference  in  absolute 
influx.  I think  that  one  really  has  to  look  at  this  sort  of  data 
in  these  terms;  that  would  mean  a two-fold  difference  due  to  the 
molecular  weight  rather  than  a twenty-fold  difference. 

DR.  SCHWARTZ:  Thank  you.  It  is  very  difficult  to  know  which 

way  to  express  the  data.  The  actual  influx  was  calculated  on  the 
basis  of  median  plasma  specific  activities  determined  over  the  two 
hour  djration  of  the  studies.  The  plasma  specific  activity  for 
both  albumin  and  fibrinogen  was  determined  on  the  basis  of  a die- 
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away  curve.  I think  the  point  you  are  making,  however,  is  a very 
good  one  and  needs  consideration. 

DR.  DAY:  The  data  presented  by  Dr.  Schwartz  relates  to  differ- 

ences in  permeability  to  albumin  and  fibrinogen  in  areas  identified 

by  Evans  blue  staining  but  it  cannot 
Permeability  of  necessarily  be  extrapolated  to  include 

Arteri  il  Wall  to  differences  in  the  entry  or  the  accumu- 

Lipid  lation  of  lipoprotein  in  these  areas.  It 

seems  to  me  important  to  determine  whether 
the  entry  of  the  larger  lipoprotein  molecules  is  different  in  the 
blue  and  white  areas. 

I had  an  opportunity  recently  in  a current  collaboration  with 
Drs.  Bell  and  Schwartz  to  investigate  this  accumulation  of  lipo- 
protein cholesterol  in  blue  and  white  areas  of  normal  and  choles- 
terol fed  pig  aortas.  The  accumulation  of  cholesterol  in  blue  and 
white  areas  of  the  intima  (stripped  from  the  underlying  media)  and 
pkj  in  the  subjacent  media  in  normal  fed  and  cholesterol  fed  pig  aortas 
is  shown  in  Fig. 141  (76).  After  six  weeks  of  cholesterol  feeding 
there  was  a significantly  greater  accumulation  of  cholesterol  (pre- 
sent originally  of  course  as  serum  lipoprotein)  in  the  blue  areas 
compared  with  the  corresponding  white  areas.  These  changes  were 
not  shared  by  the  arterial  media  where  there  were  no  significant 
differences  between  the  areas  studied.  When  you  push  this  compari- 
son to  16  weeks  of  cholesterol  feeding  the  concentration  of  choles- 
terol in  both  the  blue  and  white  areas  of  the  intima  are  high. 

Again  the  blue  areas  contained  appreciably  more  cholesterol  than 
the  corresponding  low  permeability  white  areas. 

We  were  also  concerned  with  the  question  of  possible  differences 
in  the  lipid  metabolism  of  the  intima  from  the  high  and  low  permea- 
bility white  areas.  In  order  to  study  this  aspect  the  uptake  and 
incorporation  of  both  ^2p  phosphate  and  labelled  oleic  acid  into 
the  lipids  of  the  blue  and  white  intimal  and  subjacent  medial  areas 
of  the  pig  aorta  were  investigc ted.  There  was  no  evidence  for 
differences  between  blue  and  white  areas  in  uptake  and  incorporation 
of  either  oleic  acid  into  lipid  or  ^P  phosphate  into  phospholipid 
in  the  normal  fed  pig  aorta.  After  cholesterol  feeding,  however, 
there  was  a marked  increase  in  the  incorporation  of  oleic  acid  into 
phospholipid,  triglyceride  and  in  particular  into  cholesterol  ester 
in  the  blue  areas  of  the  intima  compared  with  the  vnite  areas.  These 
studies  are  reported  more  fully  elsewhere  (77). 

DR.  LANG:  Dr.  Day,  what  is  the  evidence  for  your  suggestion 

that  the  blue  and  white  areas  in  the  normal  fed  animals  correspond 
to  the  blue  and  white  areas  in  the  cholesterol  fed  animals?  Your 
data  implies  that  the  cholesterol  was  incorporated  in  the  areas 
which  were  blue  in  the  normal  fed  animals. 
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DR.  DAY:  The  methods  used  for  staining  and  the  areas  taken 

for  study  were  identical  in  the  normal  fed  and  in  the  cholesterol 
no  fed  pigs.  The  only  difference  was  that  in  some  of  the  cholesterol 
fed  pig  aortas  the  intensity  of  staining  was  not  as  great  but  we 
did,  in  fact,  have  the  same  portions  of  the  intima  in  both  series. 

DR.  BJORKERUD:  In  Dr.  Day's  study  there  was  no  difference  be- 

tween blue  and  white  aortic  areas  with  regard  to  content  of  cnol- 
esterol  etc.  This  cannot  be  taken  as  evidence  for  an  absolutely 
similar  permeability  in  these  different  areas.  One  could  recall 
the  scientific  rule  that  negation  of  an  hypothesis  does  not  prove 
anything  but  merely  indicates  that  the  hypothesis  was  false  under 
the  conditions  in  question.  A negative  outcome  can  be  due  to  many 
factors,  e.g.,  too  insensitive  measuring  techniques  or  unsuitable 
sampling.  We  found  actually  differences  between  white  and  blue 
regions  including  different  content  of  cholesterol  (46).  In  this 
context  it  is  pertinent  to  mention  that  supravital  staining  with 
uncomplexed  Evans  blue,  a procedure  which  we  used,  gives  an  in- 
stantaneous detection  of  endothelial  cell  injury.  The  intravital 
procedure  with  Evans  blue  complexed  to  the  serum  albumin  reflects 
the  permeability  of  the  endothelium  for  the  Evans  blue-albumin 
complex.  The  permeability  is  "recorded"  over  a much  larger  time 
interval  (days)  the  cellular  injury  with  the  former  technique  (6 
minutes).  This  difference  should  be  kept  in  mind  and  taken  account 
for  when  comparing  results  obtained  with  these  techniques. 

DR.  OLGA  STEIN:  I think  Dr.  Schwartz's  data  is  most  interest- 

ing, especially  since  in  the  normal  animal  prior  to  cholesterol 
feeding,  there  was  no  difference  in  either  cholesterol  content  or 
in  the  metabolic  activities  among  the  blue  and  white  areas.  I 
think  this  might  indicate  that  unless  you  add  insult  to  injury,  those 
parts  of  the  aoria  behave  quite  normally.  I just  wondered  what  is 
c'ie  ultrastructvral  counterpart  of  the  silver  lines,  if  you  would 
like  to  comment.  Dr.  Schwartz? 

DR.  SCHWAS  t'Z:  Dr.  John  Somer  in  our  laboratory,  has  examined 

fig  blue  and  white  areas  in  the  normo-cholesterolemic  pig.  He  has 
found  that  there  are  significant  differences  in  the  handling  of 
acetate,  glucose  ethanolamine  and  choline.  We  have  not  yet  been 
able  co  get  together  with  Dr.  Day  to  look  at  rhe  implications  oe 
the  different  metabolic  studies  at  this  point  but  hope  to  do  that 
shortly. 

With  respect  to  the  thicker  silver  lines  and  the  so-called 
discontinuities  or  "gaps"  in  the  cell  boundaries,  I think  that  the 
thicker  silver  lines  mav  reflect  the  presence  of  silver  in  rhe 
junctions,  and  also  within  saccular  dilatations  frequently  seen 
at  the  junctional  areas.  The  "gaps"  we  consider  on  the  basis  of 
our  transmission  studies  to  reflect  the  complex  cytoplasmic  pro- 
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cesses  that  overlie  the  cell  junctions  and  perhaps  interfere,  as  I 
Indicated  earlier,  with  the  access  of  silver  to  the  cell  junctions 
themselves. 


Endothelial  Cell 
Junctions 


DR.  ROSS:  I should  like  to  emphasize  what  Olga  Stein  has  shown 

namely  the  complexity  of  the  junctions  between  arterial  endothelial 

as  contrasted  with  capillery  endothelial 
cells.  Steve  Schwartz  in  one  of  his  pa- 
pers pointed  this  out.  In  man  and  mon- 
key arterial  endothelial  cells  overlap 
much  like  the  fingers  of  your  two  hands  as  you  interlace  them. 
Vesicles  are  often  found  along  the  junctional  margins  in  arterial 
endothelium  as  Schwartz  also  pointed  out  in  his  study.  This 
anatomical  arrangement  may  explain  in  part  differences  in  permea- 
bility between  arterial  and  capillary  endothelium. 


DR.  WISSLER:  I wonder  if  you  would  care  to  comment  on  how  the 

areas  which  you  pictured  in  the  Archieves  article  (42,  195)  com- 
pare with  the  ones  Colin  Schwartz  was 
showing  in  the  blue  areas  which  he  spoke 
of  as  stigmata  and  stomata. 


The  Question  of 

Transendothelial 

Conduits 


DR.  BJORKERUD:  We  studied  the  characteristics  of  the  structures 

you  are  referring  to  with  a number  of  complementary  methods  inclu- 
ding scanning  electron  microscopy,  in' erference  contrast  microscopy, 
histochemical  techniques,  etc.  It  is  difficult  to  know  if  the  struc- 
tures Dr.  Schwartz  was  describing  correspond  to  those  described  by 
us  until  more  data  than  those  obtained  after  silver  staining  have 
been  presented.  We  found  circular  flap-like  structures  about  3-5 
micra  in  diameter.  The  flaps  were  situated  on  or  near  the  inter- 
cellular borders  and  were  attached  to  the  body  of  the  endothelial 
cell  with  a thin  stalk.  Under  the  flaps  was  a circular  region, 
approximately  1 micron  wide,  with  increased  permeability  enabling 
it  to  serve  as  a marker  for  a low  molecular  weight  substance  such 
as  nigrosin  as  well  as  0.1  - 0.2  micra  particles  of  colloidal  coal. 

As  judged  from  the  distribution  of  the  markers  the  circular  region 
seemed  to  be  continuous  with  a canal-like  structure  directed  towards 
the  media  and  with  a length  of  about  5 micra.  Interpretation,  how- 
ever, is  difficult.  There  is  no  doubt  that  the  circular  flaps 
exist.  The  flaps  are  present  in  both  white  (low- injury)  and  blue 
(high- injury)  regions.  The  form  is  more  irregular  and  the  size  is 
often  larger  in  blue  regions.  It  is  somewhat  more  uncertain  if 
the  canal-like  structures  actually  represent  preformed  continuous 
canals  through  the  endothelium.  They  may  either  repress. .t  canals 
or  inter-cellular  regions  where  the  tight  junctions  .ire  located  at 
the  extreme  basal  parts  of  the  endothelial  cells.  At  such  sites 
the  intercellular  space  could  form  a "pocket"  where  markers  could 
be  retained.  Further  research  is  required  to  settle  this  import- 
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ant  question.  Traditionally,  the  term  "stigmata”  is  used  to  desig- 
nate smaller  circular  silver-stained  endothelial  structures  and 
"stomata"  similar  but  larger  structures  (from  about  10  micra  to 
about  half  the  size  of  an  endothelial  cell).  To  avoid  confusion 
it  might  be  wise  to  adhere  to  the  old  nomenclature  (42). 

DR.  SCHWARTZ:  On  the  basis  of  the  measured  size  of  stigmata 

and  stomata  it  would  appear  highly  :nlikely  that  these  account  for 
the  focal  differences  in  permeability  to  albumin  and  fibrinogen  in 
our  data.  If  these  were  continuous  with  the  subendothelial  space 
we  would  have  a completely  leaky  endothelium  with  no  discrimination 
for  macromolecuiar  influx.  I suspect  that  they  are  not  involved, 
because  on  a numerical  basis,  they  occur  with  approximately  the 
same  frequency  in  both  blue  and  white  area.'  although  these  show 
very  significant  differences  in  permeability. 

DR.  LEE:  I would  like  to  pass  on  to  you  another  piece  of 
information.  When  cholesterol  was  fed  to  swine  in  as  early  as  3 

days  not  only  the  rate  of  thymidine 
Gaps  Due  to  incorporation  and  mitotic  index  of 

Endothelial  Cell  smooth  muscle  cells  in  the  abdominal 

Renewal  aorta  were  significantly  increased,  but 

also  these  parameters  for  endothelial 
cells  were  increased  almost  two-fold  as  compared  to  those  in  the 
control  animals.  By  electron  microscopy  there  was  no  evidence  of 
redundancy  and  no  obvious  increase  in  the  number  of  endothelial 
cells  as  far  as  we  can  ascertain.  These  observations  indicate  that 
the  turnover  rate  of  endothelial  cells  is  increased  tnree  days  after 
cholesterol  feeding  in  these  swine.  The  endothelial  cell  monolayer 
acts  as  a semipermeable  barrier  between  smooth  muscle  cells  and  the 
bloodstream.  Any  alterations  such  as  could  be  associated  with 
increased  rate  of  loss  and  replacement  of  endothelial  cells  might 
alter  permeability.  Thus,  the  quantity  of  blood  constituents 
reaching  underlying  smooth  muscle  cells  could  be  increased.  Profes- 
sor Shimamoto  of  Japan  showed  some  time  ago  that  when  he  injected 
cholesterol  into  a rabbit,  that  two  hours  after  the  injection,  he 
found  contraction  of  endothelial  cells  and  gaps  between  them.  These 
contractions  and  gaps  will  enhance  infiltration  of  high-molecular 
weight  constituents  of  the  plasma  such  as  8-1 ipoprotein  into  the 
subendothelial  space  and  medial  layers.  Thus,  increased  lipid 
accumulation  in  the  intima  or  medial  cells  may  be  attributed  at 
least  in  part  to  these  phenomena. 


DR.  BJORKERUD: 
story  about  stigmata 

Are  there  normally 
Canals  through  the 
Endothelium? 


Just  a very  short  comment  to  finish  this 
I agree  with  you,  Colin,  that  the  number 
is  probably  not  increased  but  remember 
that  there  is  a flap  on  them.  If  there 
is  a patent  canal,  who  knows  in  what 
direct-on  the  fluid  is  streaming. 
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DR.  SCHWARTZ:  1 agree  with  Soren  Bjorkerud.  However,  the 

question  of  the  relationship  of  stigmata  to  stomata  I find  somewhat 
confusing.  If  stomata  are  stigmata  in  which  the  flap-like  valves 
have  opened  then  we  might  expect  to  find  a significant  interrelation- 
ship of  the  numbers  of  both  stigmata  and  stomata  in  the  areas  of 
differing  permeability.  This  is  not  the  case. 

DR.  LINDNER:  I am  concerned  about  all  this  discussion  about 

gaps  and  flaps  or  some  widening  of  space  between  endothelial  cells. 
Including  the  picture  of  endothelial  cell  contraction  that  we  have 
seen.  The  findings  are  just  too  dependent  on  the  method,  especially 
the  scanning  electron  microscopy.  The  impression  that  spaces  or 
gaps  may  develop  from  time  to  time,  thereby  allowing  an  increased 
influx  of  serum  contents  must  be  thoroughly  confirmed  before  we 
build  a whole  system  or  hypothesis  upon  it.  Dr.  Olga  Stein  spoke 
about  the  differences  and  similarities  between  the  endothelial  cells 
of  capillaries  and  aorta.  We  have  heard  just  now  about  turnover 
rates  after  a short  term  cholesterol  diet.  We  know  that  the  turn- 
over rate  of  capillary  endothelium  is  higher  than  that  of  the  aorta, 
for  example.  Capillary  endothelium  derives  not  only  from  the  endo- 
thelial cells  but  from  monocytes,  hematogenic  cells,  as  well.  Now 
the  problem  in  the  aorta  is  whether  or  not  the  hematogenic  cells 
take  part  in  renewal  or  only  endothelial  cells  or  whether,  as  some 
persons  think,  the  smooth  muscle  ceils  are  involved  also? 

DR.  OLGA  STEIN:  Well,  \ am  sorry  T never  studied  the  turnover 

of  endothelial  cells  and  1 really  have  no  personal  information  of 
whether  the  endothelial  cell  can  come  only  from  an  endothelial  cell 
or  whether  it  can  be  derived  from  other  cells.  I would  like  to 
guess  that  they  would  rather  be  derived  from  another  endothelial 
cell,  but  my  guess  is  no  better  than  any  other. 

DR.  RODBARD:  The  relationships  between  endothelium  and  medial 

musculature  may  also  be  viewed  from  a mechano-physiological  aspect. 

Discussion  of  these  relationships  at  this 
Vascular  Dynamics  - Conference  have  thus  far  been  concerned 

Rate  of  Flow  primarily  with  infiltrations  of  blood- 

borne  materials  into  the  vessel  wall. 
Schretzenraayr  (334)  pointed  out  forty  years  ago  that  when  the  blood 
flow  rate  through  the  femoral  artery  increased,  the  artery  responded 
immediately  by  an  inclement  in  its  caliber.  Potcer  (263)  showed 
that  cerebral  vessels  also  dilated  acutely  when  flow  increased. 

During  and  after  exercise  of  a muscle,  the  flow  through  its  vessels 
increases,  and  the  supplying  artery  dilates  acutely  in  proportion 
to  the  magnitude  of  the  increas * in  flow  (200).  V..en  flow  returns 
to  normal,  the  vessel  constricts  to  its  previous  caliber.  Various 
workers  have  considered  that  the  fore-going  effect  might  be  due  to 
metabolites  produced  locally,  or  to  hormones  produced  at  a distance. 
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However,  the  sane  adjustment  of  vascular  caliber  to  blood  flow  rate 
has  been  demonstrated  on  opening  of  an  arteriovenous  fistula.  The 
change  in  caliber  of  the  supplying  vessels  therefore  cannot  be 
attributed  to  metabolites  or  to  hormones.  Instead,  the  observed 
effects  must  be  attributed  to  the  flow  rate  itself.  This  accords 
with  our  hypothesis  that  vascular  caliber  adapts  quickly  to  flow 
rate,  presumably  by  means  of  drag  receptors.  It  is  pertinent  to 
consider  the  relationship  of  flow  rate  to  the  caliber  of  blood 
vessels.  From  the  mechanistic  point  of  view,  a change  in  flow  rate 
can  have  an  effect  onlv  on  the  endothelium.  Flow  per  se  cannot 
affect  the  media  or  ..  '-entitia.  The  endothelium  is  affected  only 
by  the  streamlines  immeuiately  adjacent  to  the  wall,  the  boundary 
layer.  When  the  flow  rate  through  a vessel  increases,  the  change 
in  the  hydro-dynamic  drag  of  the  stream  may  be  sensed  by  the  endo- 
thelial cells. 

Dr.  Una  Smith's  (35 i)  scanning  electron  micrographs  (Fig. 142) 
exhibit  endothelial  papillary  excrescences.  These  resemble  bristles 
which  can  bend  with  the  velocity  of  the  stream,  thereby  acting  as 
flow  receptors.  When  this  concept  is  documented,  we  will  be  able 
to  account  for  acute  changes  in  vascular  caliber  as  a result  of 
an  acute  change  in  flow.  The  potential  effects  of  drag  on  endo- 
thelial cells  are  indicated  in  Fig. 143.  Flow,  indicated  by  the 
arrow,  tends  to  deform  the  lining  cells.  Since  each  cell  is  firmlv 
fixed  to  its  basement  membrane,  it  can  not  move.  However,  the 
cell  can  transfer  the  information  of  an  increased  flow  to  the  sub- 
endothelial  smooth  muscle.  This  appears  to  induce  relaxation  of 
the  medial  muscle  layers.  With  dilatation  of  the  vessel,  the  flow 
velocity  decreases  and  the  drag  an  the  vessel  lining  returns  to 
the  normal  (set-point)  value.  On  the  other  hand,  if  peripheral 
conductance  (f low-rate/prescure  gradient)  decreases,  the  drag  forces 
on  the  cell  will  be  reduced,  and  the  vessel  will  constrict.  These 
considerations  pose  the  physiological  question  of  hew  such  changes 
in  caliber  will  affect  not  on  the  surface  area  of  the  vessel  wall 
but  also  other  factrrs  that  can  modify  the  handling  of  ch  iesterol, 
albumin,  Evans  blue,  or  other  circulating  substances. 

This  approach  suggests  that  ;he  forces  of  the  stream  may  play 
a role  in  the  acute  adjustment  of  tne  vessel  caliber  to  the  amount 
of  blood  flowing  through  it,  an<»  through  such  means  determine  vas- 
cular growth  or  even  a reduction  in  caliber.  The  factors  that 
affect  vascular  caliber  must  include  a consideration  of  hydraulic 
interrelationships  between  endothelial  cells  and  subendothelial 
muscle  cells.  These  forces  may  also  modify  the  tendency  to  infil- 
tration of  the  vessel  wall  with  circulating  materials.  Further 
elucidatiin  of  this  factor  will  brinR  closer  an  understanding  of 
the  forces  that  dttermine  vascular  structure. 


DR.  WOLF:  Dr.  Rodbard's  comments  concerning  hydrodynamics 
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the  physical  properties  of  flow,  reminded  me  of  a question  that  1 
raised  in  the  summary  session  of  the  Chicago  meetings.  We  ‘tnow  what 
changes  occur  in  the  appearance  of  the  lining  of  the  vessels  with 
cholesterol  feeding.  Do  we  have  any  evidence  concerning  hemodynamic 
effects  of  a ten-fold  increase  in  serum  cholesterol,  such  as  may 
occur  with  cholesterol  feeding?  Is  there  a change  in  the  physical 
properties  of  flow?  1 think  it  would  be  important  to  know  if  there 
is  an  effect  on  the  hydrodynamics,  particularly  if  there  are  sen- 
sors in  the  lining  of  blood  vessel  walls  as  Dr.  Rodbard  suggests. 

DR.  RODBARD:  My  discussion  calls  attention  primarily  to  re- 

ceptors in  the  vessel  wall.  In  addition  to  the  well  established 

vascular  receptors  such  as  those  in  the 
Possible  Endothelial  carotid  sinus  and  in  the  hypothalamus. 

Sensors  of  Flow  there  is  now  evidence  for  other  varieties 

Dynamics  of  sensory  receptors  in  the  arterial 

tree.  Our  studies  have  indicated  that 
receptors  may  also  be  present  in  the  endothelial  cells.  If  recep- 
tors were  present  on  the  free  surface  of  the  endothelial  cells, 
these  cells  would  be  sensitive  to  the  flow  patterns  of  the  blood 
stream.  The  stream  normally  generates  a force  (drag)  which  tends 
to  pull  the  lining  cells  with  it.  In  a laminar  stream  the  crag  on 
the  endothelial  cells  varies  with  the  cube  root  of  the  flow  rate, 
and  with  the  viscosity  of  the  blood  (Fig. 144).  When  flow  becomes 
turbulent,  drag  increases  with  the  square  of  the  average  velocity. 

Thus  far,  attention  of  invet tigators  has  been  focused  on  bio- 
chemical and  pathological  aspects  of  the  vessel  wall.  I believe  it 
is  time  to  explore  the  potential  role  of  mechanical  factors,  as  well 
as  the  potential  receptors  that  can  cause  the  cells  of  the  vascular 
w.,11  to  respond  to  these  physical  forces.  When  more  attention  is 
given  to  these  essentially  neglected  factors,  we  shall  be  able  to 
construct  a more  adequate  analysis  of  the  bio-physical-biochemical 
interactions  that  determine  normal  structure,  and  which  undoubtedly 
play  a significant  role  in  pathological  change. 

DR.  WEBER:  I want  to  discuss  some  of  our  work  on  the  vessel 

wall  intimal  surface  in  the  enrlv  phases  of  cholesterol  diet  in 

rabbits.  In  the  normal  rabbit  we  have 
Polysaccharide  Endo-  seen  by  scanning  electron  microscope 

thelial  Coating  features  of  the  Intlran  quite  similar  to 

the  ones  Dr.  ftjorkerud  showed  us  this 
morning.  In  Fig. 145  one  sees  chiefly  folds  and  grooves  among  the 
folds,  microvillous  projections  and  so  on  (404,  405,  406,  407). 

After  a short  period  of  hypercholesterol ic  diet  (fifteen  days)  the 
surface  is  deeply  change',  chiefly  near  the  origin  of  the  collateral 
branches  (408,  409,  410)  (Fig. 146).  Wondering  how  these  findings 
could  be  interpreted,  we  have  tried,  hv  ulfnthin  sectioning  of 
aortic  vessels,  to  study  if  some  ultra-structural  property  of  the 
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Fifun  142:  Endothelial  projections.  Sunning  electron  microscopy  x 67,500.  Courtesy  of  U.  Smith. 
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Effect  of  drag  on  the  intlna 


Figure  143:  Effect  of  dreg  on  inrime.  The  potential  role  of  hydrodynemic  dreg  in  thi  determinetion 
of  vesculer  celiber  (hypothesis). 

VASCULAR  ENLARGEMENT 

In  the  upper  drrering  the  first  arrow  (et  left)  indicates  a normal  (set-point)  dreg  acting  on  an 
endothelial  cell.  At  the  second  cell,  the  elongated  arrow  indicates  an  increased  dreg.  This  induces  an 
acute  dila«ation  uhkh  widens  the  lumen,  reducing  velocity  end  dreg  (third  arrow).  If  the  increased 
dreg  is  persistent,  the  lumen  is  reorganised  around  a larger  lumen  (et  fourth  cell),  end  the  local  dreg 
returns  to  normal  values  (fifth  arrow). 

VASCULAR  DECLINE 

In  the  lower  drawing,  a r<  joced  rate  of  flow  results  in  a subnormal  drag  force  (short  arrow  over  cell 
at  left).  This  induces  contractions  of  the  medial  smooth  muscle  (second  cell),  decreasing  the  vessel 
lumen,  and  thereby  in*.;  easing  the  velocity  and  drag  (third  arrow)  to  normal  values.  The  vessel' is 
then  reorganised  around  the  reduced  lumen  (fourth  arrow). 
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endothelial  surface  could  be  responsible  for  the  changes  noted  by 
scanning  electron  microscopic  examination.  Locking  for  a poly- 
saccharide containing  coat  whose  presence  and  possible  defensive 
functions  at  this  level  had  been  hypothesized  by  John  French  at  the 
Lindau  Conference  (109),  we  made  use  at  first  of  Ruthenium  red  and 
then  of  the  Concanavalin  A method  (that  had  been  proposed  in  the 
meantime  by  W.  Bernhard  and  3.  Avrameas,  1971  (27)  in  Paris).  By 
this  highly  specific  method  we  have  been  able  to  demonstrate  on  the 
normal  aortic  endothelial  cells  and  in  the  plasmalemmal  pinocytotic 
vesicles  the  presence  of  an  ultrathin  polysaccharide-containing- 
coat  (or  S.  Benditt's  "Glycocalyx") . 

After  fifteen  days  of  hypercholesterolic  diet,  this  reactive 
coat  showed  a huge  increase  in  thickness  (Fig. 147)  (later  on  it 
may  disappear  and  a plasmatic  coat  be  deposited  on  the  "denuded" 
cellular  surface).  Therefore  we  propose  that  the  change  of  the 
intimal  surface  char  we  have  seen  by  scanning  electron  microscope 
near  the  origin  of  the  collateral  branches  may,  in  part  at  least, 
be  explained  by  the  increased  thickness  of  the  surface  coat  (or 
by  the  plasmatic  deposition  in  the  points  where  it  has  disappeared) 
(411,  412).  It  may  be  remembered  here  that  surface  glycoproteins 
coat  thickness  may  look  increased  in  "transformed"  cells  (342,  400) 
or,  in  a cyclic  manner,  when  the  DNA-synthesis  is  augmented  (313). 

In  the  newborn  rabbit  there  is  no  clearly  demonstrable  coat 
on  the  endothelial  surface.  After  fifteen  days,  in  suckling  rabbits, 
signs  of  a positive,  but  not  yet  of  a strong  reaction  appear  (Fig. 
148)  (413,  414). 

After  this  short  presentation  of  some  of  our  results  at  the 
borderline  amorg  "normal"  and  "pathologic"  let  me  shortly  summarize 
what  is  known  aDout  the  Concanavalin  A method.  The  Concanavalin  A 
method  has  been  proposed  as  highly  specific  (27,  391).  Its  results 
depend  on  the  fact  that  the  Concanavalin  A (which  is  a phytoagglu- 
tinin extracted  from  Canavalia  ensiformis.  Jack  bean)  has  two  active 
sites  both  of  which  can  react  with  sugar  or  glycoproteins  which 
contain  branched  terminal  non-reducing  alfa-D-gluco~pyrar osyl , 
alta-D-manno-pyranosyl  or  beta-'O-f ructo-pyranosy 1 residues.  Con- 
canavalin A is  fixed  only  at  one  of  its  two  active  sites.  The 
free  active  site  operates  as  ?n  acceptor  of  another  sugar  second- 
arily added  to  the  system.  The  method  makes  use  of  horseradish 
peroxidase;  the  catalytic  activity  of  the  peroxidase  is  revealed 
by  the  diamino-benzidene  method  by  Graham  and  Karnovsky.  The 
reaction  can  be  inhibited  by  addition  in  excess  of  a sugar  which 
competes  both  with  the  enzyme  and  the  sugar  present  in  the  cell  for 
the  reactive  groups  of  Concanavalin  A.  The  specificity  of  the 
action  of  Concanavalin  A has  been  subjected  to  some  criticism  years 
ago  because  some  authors  (132)  doubted  that  the  glycoproteins  would 
be  the  only  substances  to  which  Concanavalin  A may  react.  And 
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Figure  14$:  Rabbin  subjected  to  combined  treatment  with  hypercholesterolic  diet  and  i.v.  Tween 
8b.  Aortc  After  15  days,  the  initimal  surface  looks  normal  even  near  the  origin  of  a collateral 
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they  suggested  that  even  beta-lipoproteins  could  he  evidenced  by 
this  method.  At  any  rate.  Cook  (68)  in  his  monograph  on  "Lysosomes" 
considered  the  method  to  be  a "potentially  extremely  powerful  tool" 
for  staining  the  surface  glycoproteins  and,  in  fact,  it  seems  a 
very  useful  method  and  is  judged  as  "immunologically  specific"  by 
Roth  (319).  Anyhow,  I think  that  the  Ruthenium  red  method  should  not 
be  discarded;  in  fact,  1 think  that  as  the  results  are  practically 
superposable,  the  two  methods  can  be  used  "alternatively"  (219). 

The  presence  of  surface  glycoproteins  over  the  enuothalial  cell 
though  obvious  from  a general  biologic  point  of  view  (423)  t.ay  be 
of  some  interest  for  people  concerned  as  we  are  with  the  problems 
of  vessel  wall  permeability.  The  question  that  may  be  posed  is  how 
much  the  presence  of  a surface,  Concanavalin-A-reactive,  polysacch- 
aride containing  coat  may  be  important  in  moderating  or  regulatin' 
the  permeability  of  the  endothelial  cells  (or  other  properties  of 
their  surfac,  ). 

DR.  POOLE:  I have  been  asked  by  the  Committee  to  say  a few 

words  about  the  regeneration  of  aortic  tissues  in  fabric  grafts  of 

the  aorta  in  baboons  which  was  particu- 
Endothelial  larly  concerned  with  the  behavior  of  the 

Regeneration  endothelial  and  smooth  muscle  cells 

(260).  I want  to  preface  my  remarks  by 
describing  briefly  an  earlier  study  on  regeneration  of  aortic  endo- 
thelium in  the  rabbit's  aorta  (259). 


We  removed  the  endothelium  mechanically  from  the  distal  2 cm. 
of  the  aorta  in  just  over  a hundred  rabbits  which  were  killed  and  imwmt 
examined  at  intervals  of  from  half-an-hour  to  18  months  after  oper- 
ation. We  found  that  endothelium  gradually  grew  over  the  denuded 
area  from  the  margins  of  the  surviving  endothelium  at  both  ends 
until  a complete  new  endothelial  lining  was  formed.  The  rate  of 
regeneration  was  slow  compared  with  that  of  capillary  endothelium; 
it  Cook  about  a year  before  the  new  endothelial  lining  was  complete. 

Fig.  149  shows  the  regenerating  er.  lothelium  at  various  stages 
in  three  specimens.  The  fact  is  that  the  newly  formed  endothelium 
is  just  what  one  would  expect  if  the  new  endothelial  cells  are  de- 
rived from  pre-existing  endothelial  cells  and  not  at  all  what  one 
would  expect  if  they  were  derived  from  blood-borne  precursors.  In 
any  case,  there  can  he  no  serious  doubt  about  the  origin  of  the 
new  endothelial  lining:  numerous  mitoses  can  be  seen  in  endothelial 
cells  just  behind  the  advancing  front.  There  is  one  further  point 
I want  to  make  about  the  appearance  of  the  endothelium  ir.  these 
experiments.  Dr.  Olga  Stein  asked  what  silver  lines  looked  like  when 
examined  in  section  in  the  electron  microscope.  We  examined  this 
fifteen  years  ago  (108,  258)  since  there  was,  at  that  time,  an 
apparent  discrepancy  between  the  light  and  electron  microscopical 


jSaBteaaiBtMiitt ■ » ^■ai^«by1:MI1ayaii!ia 


RELATIONSHIP  Of  ENDOTHELIUM  TO  SMOOTH  MUSCLE 


appearances  of  endothelial  cell  junctions.  On  the  one  hand,  exam- 
ination of  endothelium  en  face  after  silver  staining  appeared  to 

show  bands  of  material  approximately 
Endothelial  Cell  1 micron  in  thickness  at  the  cell  bound- 

junctions  aries.  This  appearance  had  long  ago  led 

Julius  Arnold  (15)  to  postulate  that  there 
was  a cement  substance  between  the  cells  and  this  view  was  generally 
accepted  up  to  the  late  i950s.  On  the  other  hand,  electron  micro- 
graphs showed  endothelial  cells  to  be  very  closely  applied,  with  a 
gap  between  the  cell  membranes  no  greater  than  20  nm. 

How  could  these  seemingly  discordant  observations  be  reconciled? 
We  examined  sections  through  silver  lines  in  the  electron  microscope 
and  found  that  the  whole  surfaces  of  the  cells  Including  the  surfaces 
in  the  junctions,  were  covered  by  small  silver  grains.  The  "cement” 
was  an  optical  illusion;  because  of  the  complex  interdigitating 
junctions,  several  layers  of  silver  grains  were  seen  superimposed 
in  these  regions,  giving  the  misleading  impression  that  a band  of 
"cement"  lay  between  adjacent  cells. 

In  this  connection  1 was  very  interested  in  what  Dr.  Russell 
Ross  said  about  the  much  simpler  junctions  to  be  seen  between  newly 
regenerated  endothelial  cells;  this  has  been  my  experience  also 
(Figs. 150,  151).  Such  junctions  between  newly-formed  cells  might 
well  not  show  silver  lines  when  viewed  en  face.  This  probably  ex- 
plains why  in  our  experiments  on  regenerating  rabbit  aortic  endo- 
thelium we  often  saw  at  the  advancing  front  of  the  endothelium  what 
appeared  to  be  endothelial  nuclei  with  no  "cement"  lines  marking 
the  cell  boundaries  (Fig. 152). 

When  we  came  to  study  the  behavior  of  endothelium  in  fabric 
grafts  of  the  lower  abdominal  aorta  in  baboons,  the  position  turned 
out  to  be  more  complicated.  Our  first  observations  (107)  showed, 
rather  to  our  surprise,  that  the  graf  ':  vas  completely  lined  by  endo- 
thelium only  ten  weeks  after  operation.  The  area  involved  was  much 
the  same  relative  to  the  size  of  the  Daboon  as  compared  with  the 
rabbit  but  absolutely,  of  course,  it  was  much  greater  and  since  the 
cell  size  in  the  two  species  is  not  greatly  different  the  absolute 
area  would  seem  to  be  of  some  importance. 

There  are  probably  several  reasons  for  the  difference  in  the 
two  experimental  situations.  There  may  be  a species  difference. 
However,  when  we  looked  at  specimens  obtained  from  baboons  killed 
at  shorter  intervals  after  operation  (106)  another  factor  became 
apparent.  At  a very  early  stage,  small  vascular  channels  tovm  in 
the  interstices  of  the  woven  fabric  which  connect  with  the  lumen 
of  the  graft.  From  the  mouths  of  these  vessels  which  are  quite 
numerous,  endothelium  spreads  over  the  inner  surface  of  the  graft 
forming  islands  which  enlarge  and  coalesce.  So  the  endothelium  is 
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advancing  on  many  fronts  instead  of  only  on  two  as  in  our  earlier 
experiments  on  rabbits  (Fig. 153). 

I now  want  to  turn  to  the  behavior  of  smooth  muscle  cells  in 
these  two  sets  of  experiments.  The  observations  on  the  rabbit 
aorta  provided  an  example  of  what  now  seems  to  be  a general  pheno- 
menon: removal  of  endothelium  from  the  inside  of  a large  blood 
vessel  leads  to  the  proliferation  of  underlying  smooth  muscle  cells. 
By  the  time  the  regenerative  process  was  complete  a layer  of  smooth 
muscle  cells  with  collagen  and  elastic  laminae  between  them  had 
formed  between  the  new  endothelium  and  the  original  internal  elastic 
lamina.  This  layer  was  in  places  substantially  thicker  than  the 
tunica  media  (Fig. 154).  When  the  new  endothelial  lining  was  com- 
plete, however,  this  layer  did  not  appear  to  increase  further  in 
thickness.  Likewise  in  fabric  grafts  of  the  aorta  a substantial 
layer  of  tissue,  usually  referred  to  as  the  pseudointima,  formed 
between  the  endothelium  and  the  tube  of  cloth.  Again,  the  cells 
present  are  smooth  muscle  cells,  and  the  layer  seemed  not  to  increase 
further  in  thickness  once  the  endothelial  lining  was  complete. 

These  two  sets  of  experiments  answered  certain  questions  but 
raised  some  new  ones.  It  was  established  that  the  endothelium  lin- 
ing large  blood  vessels  was  capable  of  substantial  regeneration  and 

this  raised  the  question  as  to  whether 
Endothelialization  or  not  endothelial  cells  in  the  uninjured 

of  Grafts  aorta  divide  from  time  to  time  or  (as 

has  been  claimed)  are  perennial  or  very 
nearly  so  (9).  The  fact  that  they  undergo  division  was  established 
by  making  autoradiographs  of  Hautchen  preparations  of  aortic  endo- 
thelium after  injecting  tritium- labelled  thymidine  into  rats  (257). 
There  was  also  the  question  of  the  origin  of  newly-formed  smooth 
muscle  cells  in  thickenings  of  the  tunica  intima.  The  obvious 
explanation  was  that  they  were  derived  by  ordinary  cell  division 
from  neighboring  smooth  muscle  cells. 

However,  the  publication  of  a suggestion  that  they  might  be 
derived  from  blood  borne  precursors  (168)  drew  attention  to  the  fact 
that  no  concrete  evidence  for  a local  origin  could  be  provided  and 
it  was  felt  that  this  needed  to  be  Investigated.  In  a study  on 
the  organization  of  mural  thrombi  in  the  rat's  aorta  i 256)  mitoses 
were  found  in  smooth  muscle  cel's  adjacent  to  the  injured  region, 
the  numbers  of  mitoses  being  substantially  increased  when  the  ani- 
mals were  treated  with  colcemid.  It  would  be  difficult  to  suppose 
that  newly  formed  smooth  muscle  cells  have  an  entirely  different 
origin  in  other  mammalian  species,  or  in  other  types  of  arterial 
injury. 

DR.  WERTHESSEN:  I would  like  to  make  a stronger  case  than  did 

Dr.  Poole  for  the  species  difterence.  Dr.  Howard  French,  in  Boston 
who  is  a vascular  surgeon,  has  been  trying  to  build  artificial 
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Figure  1S3:  Fabric  graft  of  a baboon's  aorta  10  weeks  after  operation.  Whole-thickness  preparation 
viewed  en  face  from  within.  Stained  by  silver  nitrate  and  cleared  in  clove  oil.  The  network  of 
"cement"  lines  is  seen  with  the  pattern  of  the  woven  fabric  out  of  focus  in  the  background.  The 
mouths  of  two  small  vascular  channels  are  present,  x 44. 


Figure  1S4:  Histological  sections  showing  thickened  tunica  intima  after  endothelial  regeneration  in 
the  rabbit's  abdominal  aorra  (left)  compared  with  uninjured  abdominal  aorta  from  the  same  region 
in  a rabbit  of  similar  age  (right),  x 90. 
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arteries  for  surgery.  He  tried  for  years  to  get  this  done  in  the 
dog  and  he  never  had  any  success  in  developing  an  intima  inside  the 

pseudo-artery  that  he  had  induced  to  form 
Species  Differences  beneath  the  skin.  I arranged  fot  him 

to  try  a baboon  and  he  was  delighted  to 
find  that  in  about  that  same  six  weeks  period  that  we  observed,  he 
had  a very  nice  intima  that  covered  the  entire  lumen.  The  reaction 
did  not  occur  in  the  dog  within  the  same  period  of  time. 

DR.  POOLE:  I quite  agree  with  Dr.  Werthessen  that  species 
differences  almost  certainly  exist  between  different  mammals  in 
respect  to  rate  of  regeneration  of  aortic  endothelium.  Indeed,  it 
would  be  most  surprising  if  this  were  not  the  case.  I was  anxious, 
however,  to  point  out  that  the  two  sets  of  experiments  that  I was 
describing  were  not  strictly  comparable  and  that  therefore  our  ex- 
perimental findings  do  not,  by  themselves,  provide  convincing  evi- 
dence for  a species  difference. 

DR.  STRONG:  In  editing  a paper  one  of  my  colleagues  in  the 

department  referred  to  some  early  German  work  on  injury  of  the 
arterial  wall  and  smooth  muscle  thickening.  I got  the  impression 
from  his  review  that  not  only  did  the  thickening  of  smooth  muscle 
stop  at  a point  in  time  but  it  actually  became  less  with  additional 
time.  Is  that  correct.  Dr.  Poole? 

DR.  POOLE:  Yes,  that  is  correct  as  far  as  my  own  very  limited 

observations  go.  I have  examined  the  pseudointima  in  two  fabric 
grafts  of  the  aorta  in  dogs  18  months  and  2 years  after  operation 
respectively.  In  both  cases  the  number  of  smooth  muscle  cells  per 
unit  volume  was  much  less  than  at  earlier  stages.  The  space  be- 
tween them  contained  large  amounts  of  collagen. 

DR.  ROBERTSON:  I will  review  vary  briefly  studies  carried 

out  during  the  last  two  and  one  half  years  in  our  laboratory  on  the 

role  of  circulating  vasoactive  agents 
Effects  of  Vasoactive  on  vascular  endothelial  and  smooth  mus- 

Agents  on  Vascular  cle  cells  (300,  301).  As  summarized  in 

Smooth  Muscle  Table  XX11I,  the  experimental  design 

consisted  of  intracardiac  or  intraaortic 
injections  of  nanogram  concentrations  of  a vasoactive  agent  in 
Ringer's  solution  to  pathogen-free  Sprague  Dawley  rats  followed  by 
simultaneous  or  delayed  administration  of  either  electron  markers 
of  different  particle  size,  tritiated  lipoprotein  fractions  or 
125i  labelled  serum  albumin.  The  unavoidable  ultrastructural  arti- 
facts usually  found  following  routine  fixation  of  large  arteries 
were  prevented  by  using  exclusively  in  vivo  perfusion  with  0. 12 
isotonic  buffered  aldehyde  solutions  at  physiological  pressure 
ranges  followed  by  prolonged  post -fixation  of  the  arterial  segments 
immediately  after  cardiac  arrest  occurred.  Specimens  were  then 
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carefully  dissected  and  processed  for  cytochemical  and  electron 
microscopy-autorad iography . 

Ultrastructural  evidence  of  the  passage  of  electron  markers  by 
temporary  widening  of  intercellular  junctions  around  desmosocies  or 
tight  junctions  (302)  could  be  found  omy  under  such  experimental 
conditions.  As  shown  in  Table  XXIV,  intracardiac  administration  of 
serotonin,  prostaglandin  E}  and  angiotensin  II  induced  significant 
uptake  of  125l  labelled  serum  albumin  by  the  intlma  and  media  and 
to  a lesser  extent  by  the  external  media  and  adventitia  of  the  rat 
aorta.  This  very  rapid  recponse  occuried  within  one  minute  or  less 
after  simultaneous  injection  of  the  marker  and  the  vasoactive  agent 
in  the  absence  of  significant  increases  in  mean  systolic  blood  pres- 
sure. Large  volumes  of  L-Isoleucine  or  Ringer's  solution  alone, 
under  identical  laboratory  conditions,  induced  no  uptake  of  the  la- 
bel. 


Because  of  the  short-lived  response  of  vascular  cells  to  nano- 
gram concentrations  of  angiotensin  II,  the  term  "trap  door"  was 
suggested  for  these  temporary  functional  Increases  in  arterial  wall 
permeability  (303). 

Table  XXV  summarizes  net  percenLual  radio-activity  compared  to 
chat  of  plasma  in  two  'ayers  of  the  rat  aorta  after  simultaneous 
or  delayed  injection  of  tritiated  high  density  lipoprotein  (HD!.) 
fraction  with  0.1  ng  of  angiotensin. 

Table  XXVI  shows  similar  results  for  low  density  (LDL)  ar.d 
Table  XXVII  for  very  low  density  lipoprotein  (VLDL)  fractions.  In 
all  three  studies,  highest  labelled  lipoprotein  concentrations  in 
both  layers  of  the  rat  aorta  occurred  when  the  lipoprotein  fraction 
was  injected  simultaneously  with  the  octapeptide.  If  the  injection 
was  delayed  for  60  seconds,  however,  there  were  significant  and 
consistent  differences  in  the  rate  of  retention  of  each  lipoprotein 
by  the  arterial  wa.l.  Why  LDL  and  VLDL  fractions  were  retained  at 
higher  concentratiot s by  the  aortic  wall  and  the  possible  relation- 
ship between  this  phenomenon  and  the  development  of  vascular  disease 
is  currently  under  invt.stig.it'  n. 

Finally,  I would  like  to  mention  recent  studies  that  have  de- 
monstrated the  remarkable  properties  of  nanogram  concentrations  of 
angiotensin  II  on  DNA,  RNA,  and  protein  synthesis  of  vascular 
smooth  muscle  and  myocardial  fibers  (179).  This  phenomenon  has 
also  occurred  in  cultures  of  vascular  smooth  muscle  cells  showing 
signlflgant  increases  in  mitotic  activity  and  tritiated  thymidine 
incorporation  in  less  than  48  hours  after  exposure  to  the  octapep- 
tide (300).  By  contrast,  catecholamines  seen  to  inhibit  smooth 
muscle  and  cardiac  cell  proliferation  under  similar  laboratory 
conditions.  The  experimental  and  clinical  implications  of  these 
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findings  are  yet  to  be  evaluated,  but  indirect  confirmation  of  the 
important  role  of  the  renin-angiotensin  system  on  both  vascular 
and  cardiac  muscle  hyperplasia  and  hypertrophy  preceding  increase 
in  blood  pressure  has  recently  been  obtained  lr.  the  spontaneous 
hypertensive  rat  (SHR)  (304).  In  this  experimental  model,  arterial 
medial  hyperplasia  and  cardiac  hypertrophy  are  found  following  sig- 
nificant but  short-lived  Increases  in  renin  levels  well  before 
sustained  systemic  hypertension  can  be  detected. 

These  experimental  results  as  well  as  others  recently  reported 
using  Wistar  rats  (332)  strongly  suggest  that  arterial  soooth  mus- 
cle and  cardiac  muscle  cells  are  able  to  respond  with  hyperplasia 
and/or  hypertrophy  to  hypertensive  stimuli  before  rather  than  after 
sustained  increases  in  blood  pressure  levels.  The  relation  of  these 
findings  to  the  onset  and  therapy  of  human  hypertension  are  current- 
ly under  intensive  study. 

DR.  LINDNER:  I am  really  very  happy  about  Dr.  Robertson’s  pap- 

er. Especially  the  result  showing  that  smooth  muscle  cells  can 
have  reduplication  and  proliferation  induced  by  several  substances. 
That  is  very  important  for  the  whole  story  of  heart  disease.  In- 
farction included.  .cry  interesting  is  that  we  could  not  find  the 
same  influence  which  we  have  seen  actually  in  the  older  animals 
also  like  other  groups  especially  like  Hauss’  group.  We  could 
not  find  it  in  the  high  proliferation  stage  of  postnatal  develop- 
ing aorta  (rat)  that  shows  an  increase  of  -hl-thymidi'ie  labelled 
smooth  muscle  cells  that  means  they  are  in  the  DNA-synthesis  - 
(*>S)  phase  just  before  reduplication  with  the  first  aaximun  of  the 
labelling  index  on  the  seventh  day  after  birth  and  the  second  but 
lower  maximum  of  the  labelling  index  on  the  end  of  (or  shortly 
after)  the  third  week  after  birth.  But  in  contrast  to  your  findings 
and  our  studies  on  older  animals  In  this  maturation  one  single  in- 
jection of  angiotensin,  hypertensln  or  similar  substances  did  not 
induce  a higher  proliferation  of  smooth  muscle  cells  of  aorta  (as 
well  as  of  heart  muscle  cells)  in  this  maturation  time  of  rats. 

DR.  ROBERTSON:  You  were  using  one  single  injection  of  angio- 

tensin in  hypertensive  rats.  Was  there  renal  vascular  hyperten- 
sion? Were  they  Goldblatt  kidneys? 

DR.  LINDNER:  The  blood  pressure  is  increased  by  these  substan- 

ces followed  immediately  in  the  same  time  (that  means  shortly  after 
a single  injection)  by  an  increase  of  the  ^H-thymidine  labelling 
Indices  in  smooth  muscle  cells  of  th.»  aorta,  hut  partly  increasing 
and  partly  decreasing  labelling  indices  of  aorta  endothelia  and  of 
heart  muscle  cells  In  young  adult  rr.ta,  In  contrast  to  the  findings 
in  the  first  weeks  after  the  birth.  That  was  the  reason  to  speak 
about  these  phenomena.  The  above  mentioned  increased  smooth  muscle 
cell  turnover  rates  can  be  normalized  in  1-2  days  after  a single 
injection. 
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OR.  ROBERTSON:  There  could  be  a difference.  Once  we  used 

only  adult  rata  and  they  were  nonaotenslve.  They  were  not  hyper- 
tensive at  the  time  of  the  study.  Also  if  it  is  of  any  signifi- 
cance the  spontaneous  hypertensive  rat  developed  the  high  uptake 
of  thyaidine  preceding  hypertension.  So  say  be  there  is  a differ- 
ence there. 

DR.  RODBARD:  I would  like  to  ask  Dr.  Robertson  about  his 

first  photograph.  He  indicated  that  pressor  materials  produced 
a specific  wrinkling  of  the  endothelial  lining  of  vessels.  What 
are  the  possibilities  that  the  pressor  materials  produce  the 
wrinkling  as  a result  of  vasoconstriction? 

DR.  ROBERTSON:  1 think  that  is  a very  good  point.  Dr.  Rodbard. 

And  I think  that  is  the  reason  why  I tried  to  present  permeability 
data  rather  than  aarpbology.  We  are  very  concerned  with  the  fact 
that  anoxia  and  simply  just  mistreating  of  the  endothelial  lining 
can  produce  what  looks  like  morphological  endothelial  contraction. 

I think  t/e  have  to  be  extremely  cautious  in  making  an  interpre- 
tation of  the  ultrastructural  evidence  unless  we  have  permeability 
studies  to  compare  with. 

DR.  ADAMS:  I wonder  if  Dr.  Rodbard  has  any  evidence  that  these 

villous  projections  are  really  soaw  sort  of  receptor.  It  might  be 
a little  bit  dangerous  if  we  begin  to  think  of  things  as  receptors 
~-:’^«a  we  know  that  they  are. 

DR.  RODBARD:  Projections  have  very  recently  been  reported  in 

a number  of  vascular  sites,  in  the  pulmonary  artery  in  the  canal 

of  Schlemm,  and  at  other  sites  where 
Postulated  Endo-  flow  takes  place.  Thus  far,  the  projec- 

thelial  Receptors  tions  represent  only  anatomical  findings. 

No  means  are  yet  available  to  test  their 
functional  activity.  Such  tests  will  depend  on  new  techniques  and 
ingenuity.  The  direction  of  the  search  for  the  possible  functions 
of  such  projections  will  depend,  as  it  does  in  all  science,  on 
hypotheses  that  are  posited. 

My  laboratory  has  been  examining  factors  that  may  determine  the 
vascular  caliber  of  the  numerous  sets  of  vessels  in  the  body,  not 
only  of  the  blood  vessels  but  also  of  the  tubes  of  the  lymphatics, 
the  airways,  of  the  biliary,  enteric,  genlto-urinary  systems  and 
others.  Our  analysis  suggests  that  the  caliber  of  all  of  these 
may  be  determined  by  the  hydrodynamic  drag  (shear  stress)  that 
acts  on  the  lining  cells. 

From  the  point  of  view  of  structure,  the  projections  would 
form  excellent  receptors.  They  resemble.  In  part,  the  bristles 
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Chat  have  been  attached  to  the  grids  of  vacuum  tubes  to  Measure 
flow  rate.  When  the  velocity  and  drag  of  the  streaa  bend  the 
bristle,  the  grid  is  Moved  and  the  gain  of  the  tube  is  greatly 
Modified.  We  have  hypothesised  that  a similar  receptor  is  present 
on  endothelial  cells  (274,  339).  We  have  been  engaged  in  studies 
to  test  the  drag  concept  (310).  The  concept  appears  to  explain 
Many  of  the  cowplex  relationships  of  blood  vessel  caliber.  The 
discovery  of  the  projections  has  been  reported  only  in  the  past 
year.  Thus  far,  our  approach  is  a working  hypothesis  with  a body 
of  evidence  that  can  provide  a function  for  these  new-found  pro- 
jections. However,  such  data  do  not  constitute  proof.  I do  be- 
lieve that  the  presentation  of  a hypothesis  together  with  the  u~cfs 
for  its  developHent  is  not  dangerous.  Such  a sequence  May  be  the 
way  we  can  break  through  the  coMplexlties  of  the  Insuperable  Masses 
of  data  that  await  interpretation. 

DR.  A.  P.  SOHLYO:  I would  like  to  address  My  question  to  Dr. 

Robertson.  1 wonder  whether  an  increased  radio-active  tracer  con- 
tent in  the  Media  is  necessarily  evidence  of  Increased  endothelial 
permeability  caused  by  angiotensin.  Did  you  do  single  pulse  exper- 
iment s and,  if  so,  is  it  not  possible  that  the  increased  tracer 
content  in  the  media  is  due  not  to  increased  entry  through  the 
endotheliun  but  to  decreased  clearance  (exit)  through  the  Media? 

This  could  occur  through  contraction  of  smooth  muscle  increasing 
the  tortuosity  factor  in  diffusion. 

DR.  ROBERTSON:  Dr.  Samlyo's  question  is  a very  pertinent  one. 

So  far  we  have  simply  measured  permeability  after  stimulation  of 
arterial  endothelial  cells  with  vasoactive  agents  at  subpressor 
levels  using  the  experimental  schedule  previously  described  (302). 
Even  the  experiments  that  last  less  than  60  seconds  between  in- 
jection of  the  electron  Marker  and  in  vivo  fixation  by  perfu'.ion 
at  Mean  systolic  pressure  failed  to  categorically  demonstrate 
whether  our  findings  were  due  exclusively  to  increased  permeability 
or  decreased  rate  of  clearance.  Experiment*  applying  Sevan's  Met- 
hod for  demonstration  of  vasoactive  amines  in  the  adventitial-medial 
boundary  layer  (30)  are  in  progress.  They  coabine  ultra-rapid 
freezing  of  aortic  samples  on  a ipeclally  designed  stage  with  ser- 
ial sectioning  prior  to  quantitative  Measurements  of  trltiated 
lipoprotein  fractions  at  different  levels  of  the  vascular  wall. 

DR.  BURN STOCK:  Just  one  point  of  perhaps  some  Interest  to  the 

question  of  whether  the  endothelial  cells  are  contractile  or  not, 
relating  to  the  kinds  of  filaMents  one  sees  in  smooth  ausclc.  As 
we  heard  from  Andrew  Sonlyo  earlier,  the  current  view  of  smooth 
muscle  is  that  there  are  three  kinds  of  filaments  - thick,  thin 
and  100  angstrom  or  intermediate  filaments.  If  you  look  at  endo- 
thelial cells,  you  see  only  two  kinds  of  filaments,  the  thin  ones 
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and  the  100  angstrom  fl laments,  and  not  the  thick  ones.  And  at 
first  thought  one  might  wonder,  well,  this  doesn't  constitute  any 
evidence  that  they  aight  have  a contractile  system.  On  the  other 
hand  it  is  of  interest  that  in  the  developing  smooth  muscle  that 
we  were  looking  at  earlier,  there  are  smooth  muscle  fibers  early 
on  which  only  have  thin  and  100  angstrom  filaments  but  are  quite 
efficiently  contractile,  spontaneously  contracting.  Later  on  when 
the  muscie  bundles  fora;  the  third  thick  kind  of  filament  comes 
in.  It  is  not  inconsistent  then  that  the  endothelial  cells  may 
also  be  contractile  with  the  same  apparatus.  How  it  works  is 
very  hard  to  imagine. 

DR.  A.  P.  SOMLYO:  The  fact  that  in  cultured  smooth  muscle  one 

does  not  observe  thick  filaments  does  not  necessarily  mean  that 
they  were  not  present  in  the  contracting  living  fibers.  There  are 
two  possibilities  that  could  account  for  the  observation.  First, 
it  is  possible  that  in  a multi-layered  culture  of  smooth  muscle 
cells  some  of  the  fibers  actively  contract  and  simultaneously  im- 
part motion  to  other,  adjacent  fibers  that  are  not  themselves  con- 
tractile. The  absence  of  thick  filaments  in  this  second  type  of 
passively  moved  fiber  would  not  be  surprising.  Second,  it  is  pos- 
sible that  in  single  contracting  fibers  the  preservation  of  thick 
filaments  for  electron  microscopy  is  not  satisfactory,  possibly 
because  of  swelling  of  the  fibers  during  preparation.  As  usual, 
negative  evidence  about  the  organization  of  myosin  does  not  readily 
lend  Itself  to  positive  implications. 

DR.  ROSS:  It  so  happens  that  one  can  demonstrate  the  thick 

filaments  in  smooth  muscle  cultures.  All  one  has  to  do  is  tripsin- 
lze  the  cells  and  fix  them  at  the  point  of  tripsinization  and  lo 
and  behold  they  are  all  there. 

DR.  BURNSTOCK.  We  have  shown  all  three  kinds  of  filaments  in 
cultured  muscle.  But  we  see  this  later  at  about  the  time  that 
these  bundles  are  forming  and  they  are  fully  differentiated  cells. 
But  the  earlier  stages  when  they  are  not  fully  differentiated  they 
do  still  contract.  And  we  only  see  two  kinds  of  filaments  in  those 
and  since  the  conditions  are  identical  I think  it  is  reasonable  to 
suppose  that  they  don't  have  thick  filaments  at  that  stage. 

DR.  A.  P.  SOMLYO:  I would  like  to  ask  Dr.  Robertson  about  his 

cultured  endothelial  cells.  You  showed  contraction  of  cultured 
smooth  muscle  cells  with  angiotensin  and  I am  wondering  if  you 
have  any  slides  of  the  endothelial  cells,  or  if  vou  could  perhaps 
describe  their  contraction. 

DR.  ROBERTSON:  Fig. 155  demonstrates  morphological  changes 

Induced  in  adult  human  arterial  endothelial  cell  cultures  after 
one  minute  incubation  in  tissue  culture  medium  containing  20  pica- 
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grams  (10  x 10~l2g)  Df  the  octapeptide  angiotensin  IT.  The  cells 
round  up,  becoming  shorter  and  thicker  in  comparison  to  matching 
control  cultures  incunated  with  Roger's  solution.  This  response 
is  inhibited  by  ATPase  and  disappears  after  10-12  in  vitro  passages. 

DR.  ROSS:  I have  forgotten  who  said  it  earlier  in  the  day  but 

someone  talked  about  nexuses  between  endothelium  and  smooth  muscle. 

I would  like  to  know  how  good  the  evidence  for  that  is;  whether  it 
is  a very  rare  observation  or  whether  it  is  a common  observation. 


DR.  WOLF: 
you  refer. 


And  describe  precisely  to  what  type  of  attachment 


DR.  BJORKERUD:  I am  responsible  for  alluding  in  my  lecture, 

to  Huttner  and  coworkers  (154)  suggestion  that  gap  junctions  may 
be  present  between  endothelium  and  smooth  muscle  cells.  As  far 
as  I know  there  is  no  clear  morphological  evidence  for  gap  junctions 
between  these  types  of  tissue.  On  the  other  hand,  there  is  exper- 
imental evidence  for  transfer  of  information  between  the  endo- 
thelium and  the  underlying  smooth  muscle  tissue  (417,  418)  as 
also  mentioned  earlier. 

DR.  WERTHESSEN:  Dr.  Smith  will  summarize  her  studies  of 

atherosclerosis  from  the  biochemical  point  of  view.  .fter  that 
we  will  consider  Dr.  Earl  Benditt's  "solution"  to  the  problem. 

It  is  the  most  recently  offered  one  and  has  an  entirely  different 
approach  from  any  that  we  have  tried  in  the  past.  Ho  was  to  have 
attended  the  Conference  but  at  the  last  minute  was  unable  to  come. 
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Chapter  4 

DEVELOPMENT  OF  THE  ATHEROMATOUS  LESION 
OVERVIEW 

Dr.  Elepeth  Smith 


I will  try  to  outline  the  ideaa  on  lesicn  development  which 
I have  evolved  on  the  basia  of  quantitative  chemical  and  immuno- 
chemical studies  in  human  aorta;  the«*e  findings  may  or  may  not 
apply  to  other  vessels  or  other  species. 

In  the  diagram  (Fig. 156)  I have  tried  to  relate  morphological 
features  with  three  key  biochemical  parameters:  the  concentration 
of  intact  plasma  low  density  lipoprotein,  which  is  expressed  rela- 
tive to  its  concentration  in  normal  in- 
The  Relative  Concen-  time  (designated  as  1) , the  concentra- 

tration  of  Lipids  in  tion  of  residual  (electrophoretlcally 

Aortic  Lesions  immobile)  cholesterol,  and  the  percentage 

of  llnoleic  acid  (18:2)  in  the  18:1  + 

18:2  fraction  of  the  cholesterol  ester  fatty  acids  (CEFA).  Adult 
normal  intima  with  the  diffuse  intimal  thickening  which  is  invari- 
ably found  in  the  third  decade  and  upwards,  is  represented  at  B. 

Lipid  stainable  with  Sudan  dy«a  occurs  cnly  as  fine,  extracellular 
perlflbrous  droplets.  To  the  left  of  the  normal  intima  (at  A)  is 
a juvenile-type  fatty  streak  in  which  most  of  the  lipid  is  within 
fat-filled  cells.  The  cells  contain  a large  amount  of  cholesterol 
ester  with  a highly  characteristic  fatty  acid  pattern  in  which 
oleic  acid  (18:1)  is  the  major  component;  here  it  differs  very 
markedly  from  the  plasma  lipoproteins  and  from  normal  intima  in 
which  llnoleic  acid  is  the  major  CEFA  component  (346).  Therefore, 
it  appears  that  these  cells  have  not  derived  their  cholesterol 
ester  from  plasma;  there  is  much  experimental  evidence  that  they 
esterify  cholesterol  rapidly,  and  1 think  it  is  generally  accepted 
that  they  are  synthesis,  g tneir  own  cholesterol  ester  (262).  In 
Berlin  Dr.  McClll  gave  us  an  excellent  review  of  their  epidemio- 
logical relationship  to  ocher  forms  of 
The  Significance  of  arteriosclerosis,  but  I am  going  to 

the  Fatty  Streak  stick  my  neck  right  out  and  say  that 

I chink  in  the  human  aorta  the  juvenile- 
type  fatty  streak,  consisting  mainly  of  fat-filled  cells,  is  not 
on  the  same  pathway  as  the  orocesses  leading  to  large  fibrous 
plaques.  1 have  put  them  on  the  left  side  of  normal  to  suggest 
that  they  are  on  a different  pathway  and  will  say  no  more  about  them. 
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Figure  166:  THE  RELATIONSHIP  BETWEEN  MORPHOLOGICAL  AND  BIOCHEMICAL 
FEATURES  IN  HUMAN  AORTIC  INTIMA 

The  relative  concontration  of  intact  LDTipoprotein  it  shown  within  aach  layer  of  the  intima; 
concentration  in  upper  layer  of  normal  intima  * 1. 

Residual  cholesterol  (not  mobile  in  an  electric  field)  is  expressed  in  mg/100  mg  lipid-extracted 
dry  titeue. 

A)  Fatty  streak  - lipid  mainly  vwthin  fat-filled  cells. 

B)  Normal  intima. 

O Gelatinous  thickening. 

D)  Ge'.atmous  plague  with  greyish,  opaque  centre. 

Eg)  Raised  gelatinous  plaque;  •’reticulation"  of  collagen  in  deep  layers. 

Ejl  Gelatinous  periphery  of  plaque. 

F)  White  fibrous  plaque,  low  in  lipid. 

G)  White  fibious  plaque  with  underlying  atheroma  lipid  pool. 


Fat-filled  cells. 
ffQ  irfi  "Normal''  . 


collagen  bundles. 


Penfibrous  ‘ipnJ  droplets  (extracellular). 
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The  adult  rormal  intiaa  ia  bathed  with  plaaaa  and  containa  a 
large  aaount  ot  electrophoretical?''  and  laaiunologically  intact 
plaaaa  lipoprotein.  In  fact,  on  a crude  volumetric  basla  the  con- 
centration ia  the  same  in  the  intiaal  and  plaaaa  coapartaents,  and 
they  appear  to  be  in  equilibrium;  if  the  plaaaa  lipoprotein  ia  high 
the  intiaal  lipoprotein  ia  high,  and  if  the  plaaaa  lipoprotein  ia 
low  the  intiaal  lipoprotein  ia  low  (347).  Starting  froa  thla  base- 
line  (B)  ay  preaent  view  of  the  evolution  of  large  fibroua  plaquea 
goea  froa  left  to  right  in  the  diagram,  through  the  "gelatlnoua 
legion"  which  appeara  to  be  aynonyaoua  with  the  intiaal  edema  of 
the  German  workers  and  the  inaudatlon  lesion  of  the  Canadian  group 
(141). 

Macroscopically,  these  lesions  appear  as  intiaal  thickening: 
or  peripheral  rones  round  plaques;  they  are  characteristically 

translucent,  yellowish  or  pinkish  in 
The  Evolution  of  color  and  gelatinous  in  texture.  Micro- 

the  Arterio-  scopically,  they  invariably  show  a very 

sclerotic  Plaque  loose  structure,  often  with  thick  colla- 

gen bundles  which  Bay  stain  diffusely 
with  Sudan  dyes.  The  figure  shows  the  relative  concentrations  of 
intact  lipoprotein  in  the  upper  and  lower  layers  of  normal  intiaa 
and  lesions.  In  the  lower  half  of  normal  intiaa  (B)  the  concen- 
tration is  very  low  - about  0.2;  in  the  saall  gelatinous  thicken- 
ings (C)  it  is  doubled  in  the  upper  layer  and  increased  about  six- 
fold in  the  lower  laver;  in  the  plaque  peripheries  (C2)  it  increases 
four-fold  in  the  up'.-r  and  fifteen-fold  in  the  lower  layer.  Thus 
there  is  not  or./  an  apparent  increase  in  endothelial  permeability, 
but  a great  Increase  in  the  permeability,  and  perhaps  also  reten- 
tiveuess  of  the  intiaal  tissue  (348).  I postulate  that  the  next 
stage  is  an  opaque  greyish-whiteish  area  with  a gelatinous  surround. 
Microscopically,  in  the  opaque  area  (D)  there  is  a much  more  com- 
pact structure.  This  seems  to  take  two  forms  - more  conmonly 
there  are  a lot  of  rather  closely  packed  collagen  bundles  with 
relatively  few  cells,  and  in  the  other  form  there  are  a great  many 
cells,  which  I presume  are  smooth  auscle  cells,  packed  rather 
closely  together  with  little  collagen.  This  seems  to  fit  in  with 
some  of  the  tissue  culture  data  that  Dr.  Ross  presented  yesterday; 
one  can  imnglne  that  where  there  is  a compact  mass  of  cells  they 
were  dividing  rapidly  and  not  laying  down  very  much  collagen,  where- 
as in  the  other  situation  they  have  stopped  dividing  and  are  pro- 
ducing a lot  of  collagen.  The  lipoprotein  concentration  is  about 
double  the  normal  in  the  upper  layers,  and  this  may  be  exceeded 
bj  the  concentration  in  the  lower  layer  (D).  One  also  finds  les- 
ions in  which  the  top  remains  gelatinous  but  the  deep  layer  appears 
to  be  "reticulating".  Instead  of  the  collagen  bundles  remaining 
linear  they  seem  to  be  foraing  a network  with  the  strands  coated 
with  fairly  abundant  perifibrous  lipid;  here,  for  the  first  time 
in  this  progression,  there  is  an  Increase  in  the  residual  choles- 
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terol  concentration  (El).  Lipoprotein  is  not  the  only  plana  con- 
stituent present  in  the  gelatinous  lesions;  it  is  closely  paralleled 
by  the  concentration  of  fibrinogen.  Expressed  as  volume*  of  the 
plssas  from  which  they  ere  derived,  in  order  to  get  over  the  differ- 
ence in  their  absolute  concentrations  in  plasma,  there  is  approxi- 
mately twice  as  auch  lipoprotein  as  fibrinogen  in  the  upper  layers, 
but  in  the  lower  layers  there  is  a relatively  greater  increase  In 
fibrinogen  (349). 

In  the  classical  large  white  plaques,  surprisingly  in  thirty  or 
forty  per  cent  there  is  little  lipid  throughout  their  whole  depth 
(F)  (246).  However,  in  about  sixty  per  cent  of  the  lesions  there 
is  s great  mass  of  lipid  under  the  white  cap  (C).  This  lipid  is 
of  the  plasas  lipoprotein  type  with  linoleic  as  the  predominant 
fatty  acid  in  the  cholesterol  esters  (350,  351),  but  it  differs  from 
lipoprotein  lipid  in  having  a greatly  Increased  proportion  of  free 
cholesterol,  suggesting  cholesterol  esterase  activity  and  a much 
higher  ratio  of  cholesterol  to  phospholipid.  The  distribution  of 
lipoprotein  is  rather  complex  (F  and  C)  with  the  highest  concen- 
tration in  the  cap/fat  junction  region.  Presumably  the  lipid  is 

somehow  split  off  the  lipoprotein,  but  ; 

Gelatinous  Lesions  we  have  no  information  on  the  mechanism 

involved.  In  the  gelatinous  lesions  all 
plasma  constituents  are  Increased;  there  is  twice  as  much  albumin 
and  about  four  times  as  much  lipoprotein  and  fibrinogen  as  in  nor- 
mal intiaa.  So  there  appears  to  be  an  Increase  in  permeability, 
and  possibly  also  in  retention.  I think  that  some  of  the  questions 
we  have  to  ask  ourselves  are  the  following:  Does  the  process  stsrt 
because  the  endothelium  becomes  more  permeable  and  then  the  plasma 
constituents  somehow  stimulate  smooth  muscle  cell  proliferation 
and  collagen  production?  Or  does  something  happen  to  ..he  smooth 
muscle  cells  first  so  that  they  stop  eliminating  plasma  constituents 
that  enter  at  the  normal  rate?  Or  are  both  these  things  happening? 

I think  another  very  important  question  is:  What  is  the  role  of 

fibrinogen?  Is  it  possible  that  laying  down  a fibrin  matrix  in  the 
region  of  the  smooth  muscle  cells  stimulates  their  proliferation 
and  collagen  production?  I do  not  seem  to  see  platelets  within 
the  gelatinous  intima  but  could  some  platelet  factor  enter  from 
mural  micro-thrombi  and  perhaps  stimulate  smooth  muscle  cell  pro- 
liferation? 

DR.  SCHWARTZ:  I should  like  to  ask  Dr.  Smith  a question  and 

perhaps  even  suRgest  that  Dr.  McGill,  Dr.  Daria  Haust  and  Dr. 

Strong  comment.  Can  any  of  the  participants  make  any  consent  on 
the  frequency  and  topography  of  the  gelatinous  lesion  in  aortas, 
and  how  these  might  relate  to  other  lesions  and  their  development? 

This  is  one  question  1 would  like  to  see  clarified. 

DR.  SMITH:  I think  one  must  appreciate  that  I am  picking  out 
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Che  two  extreme  ends  of  the  spectrum.  If  you  look  at  a normal 
middle  aged  human  aorta,  there's  a hell  of  a mess,  frankly.  But 
if  you  are  lucky  you  can  find  small  lesions  very  rich  in  fat  filled 
cells  and  at  the  other  extreme  you  can  find  a group  of  lesions  of 
very  varying  degrees  of  development  containing  practically  no  fat 
filled  cells.  Mow  I think  in  order  to  understand  any  process  one 
has  to  start  at  the  ends  and  then  build  up  the  more  complicated 
mixed  lesions,  of  which  there  are  a great  many,  when  you  understand 
the  simplest  ends  of  the  process.  So,  I do  want  to  make  that  clear. 
The  fatty  streak  and  these  fibrous  type  lesions  or  proliferative 
type  lesions  wnich  are  virtually  free  of  fat  filled  cells  are  thw 
two  ends  of  the  spectrum  and  there  is  great  mixing  in  the  middle. 

MCCP.L:  We  need  information  on  the  extent,  prevalence 

and  natural  history  of  this  gelatinous  lesion.  This  is  a difficult 
lesion  to  identify  in  gross  specimens,  and  I think  the  problem  for 
the  future  is  to  define  it  better,  to  learn  to  recognize  it  grossly 
and  microscopically,  and  acquire  data  on  the  age  at  which  it  occurs. 
Such  information  would  help  to  fit  this  concept  into  the  natural 
history  of  atherosclerosis,  t just  don't  recall  seeing  this  les- 
ion to  any  great  extent  in  people  in  the  critical  stage  of  athero- 
genesis,  which  we  think  is  around  twenty  to  thirty  years  of  age, 
when  fibrous  plaques  being  to  appear. 

One  other  comment.  Dr.  Smith.  You  are  wise  to  say  that  this 
lesion  is  limited  to  the  aorta,  because  there  are  differences 
between  the  coronary  arteries  and  the  aorta  in  regard  to  the  appear- 
ance of  fatty  streaks,  the  fibronuscular  intimal  layer,  and  the 
behavior  of  lesions  subsequently.  There  may  be  a different  natural 
history  for  the  aorta  than  for  the  coronary  arteries. 

DR.  WISSLER:  I raised  the  question  in  Berlin  and  I still  think 

it  is  a good  question,  as  to  how  much  of  the  gelatinous  lesion 
really  is  an  accumulation  of  acid  mucopolysaccharides  or  proteo- 
glycans and  not  really  insudatlon  in  the 
Mucopolysaccharides  in  usual  sense.  Now  this  kind  of  lesion. 
Gelatinous  Lesions  in  my  experience,  is  very  rare  in  adults 

and  when  we  do  see  it  we  frequently 
think  it  is  a stage  in  reversal,  and  I wonder  how  Dr.  Smith  would 
react  to  that.  I think  we  se»  a lot  of  lesions  and  indeed  the 
lesions  that  we  have  studied  where  we  have  purposely  reversed  the 
rather  advanced  plaque,  is  really  loaded  with  very  loose  tissue 
which  has  a lot  of  acid  mucopolysaccharide,  and  I think  in  a post- 
( mortem  service  you  have  tc  be  very  careful  because  the  lesions 

found  at  autopsy  in  those  who  died  of  wasting  diseases  may  have 
undergone  marked  changes  in  the  final  three  to  five  weeks  of  life, 

I think.  So  I think  » have  to  be  prepared  as  we  always  are  at 
the  post  mortem  end  of  things  for  perhaps  confusing  progression 
for  regression.  It  Is  very  difficult  to  take  apart,  as  I tried 
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to  point  out  in  the  plenary  session  in  Berlin,  because  as  in  the 
human  you  are  j<ist  looking  at  an  end  stage  and  I still  think  that 
the  experimental  model  when  we  can  study  it  more  thoroughly  may 
give  us  a better  idea  of  pathogenesis. 

Now,  I would  like  to  ask  Dr.  Smith  two  questions.  1 had  always 
thought  that  the  lipid  core  generally  speaking  had  a rather  high 
oleic  acid  level  at  least  in  the  analyses  that  I was  acquainted 
with  and  that  llnolelc  was  somewhat  lower,  so  I am  a little  sur- 
prised  by  that  statement.  May  be  there  are  some  other  people  who 
have  a better  coanund  of  that  chemistry  than  I do.  I would  like 
to  ask,  in  general,  in  the  more  advanced  lesions,  what  is  the  pro-  i 

portion  of  the  lipid  that  is  in  the  form  of  lipoprotein  and  what 
is  the  proportion  that  is  present  in  some  form  other  than  lipo- 
protein? { 

DR.  SMITH:  To  answer  the  question  on  mucopolysaccharides, 

there  is  depressingly  little  data  available  on  this.  In  a study 
of  about  about  ten  of  these  lesions  some  years  ago  we  found  the 
concentration  of  total  mucopolysaccharides  to  be  slightly  lower 
than  in  adjacent  normal  intima  (Table  XVIII).  The  calculation  was 
made  on  a dry  weight  basis  which  may  not  be  the  correct  basis  on 
which  to  express  it.  So  there  is,  in  fact,  at  present  no  data  to 
indicate  that  there  is  an  increase  in  mucopolysaccharides  there.  \ 

It  la  interesting  that  in  the  fat  filled  cell  fatty  streak  there 
is  a small  increase,  but  in  these  lesions  there  was  a very  small  ; 

decrease  (352).  } 

Now  on  the  question  of  possible  post-mortem  changes,  in  fact  we 
find  no  difference  in  frequency  between  bodies  we  have  obtained  two 
hours  after  death  and  bodies  we  have  obtained  twenty  four  hours  af- 
ter death.  Furthermore,  in  the  gelatinous  lesions  there  is  invari- 
ably intlmal  thickening  and  proliferation  of  collagen  ad  smooth  i 

muscle  cells.  Although  post-mortem  changes  are  very  worrying  I do 
not  really  think  that  they  account  for  this. 

! 

On  the  question  of  regression,  and  1 think  this  would  fit  in 
with  one  of  Dr.  McGill's  cowcnts,  I don't  think  that  I see  these 
in  the  twenty  to  thirties  age  group.  I see  them  mainly  in  the  35 
to  50  age  group,  most  frequently  in  the  younger  coronary  cases,  and 
in  the  hypertensive  cases;  in  older  subjects  and  the  long  term  car-  j 

cinemas  and  wasting  disease  one  rarely  finds  this  type  of  lesion. 

In  these  cases  it  Is  usually  a rather  small,  compact,  white  fibrous  \ 

type  of  lesion.  j 

S ut  I think  this  whole  question  of  regression  is  one  that  should  ■ 

be  kept  in  perspective.  I have  the  feeling  that  one  particular  le-  I 

slon  may  be  in  regression  with  the  atherogenic  process  in  the  indiv- 
idual very  much  in  progression.  And  when  one  compares  the  expert- 
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mental  regression  lesion  with  the  laxge  fibrous  plaque  with  its 
thick  tough  cap  and  cholesterol  clefts,  they  are  very  similar  in- 
deed. I would  almost  wonder,  and  I think  this  fits  in  very  well 
with  Bruce  Taylor's  concept,  if  once  you've  got  a jolly  good  tough 
collagen  cap  over  the  lesion  it  may  have  had  it,  as  it  were,  and  it 
doesn't  progress,  and  may  be  it  regresses.  But  that  does  not  mean 
that  there  is  not  another  gelatinoue  lesion  next  door  which  is 
progressing  at  a rapid  rate. 

On  the  question  of  the  CEFA  composition  In  the  large  lesions, 
some  of  the  early  data  was  very  misleading.  This  was  probably 
the  result  of  mixing  together  intima  und  media,  and  lesions  of 
different  types.  In  fatty  streaks  and  nodules,  in  which  the  lipid 
is  predominantly  in  fat-filled  cells,  oleic  acid  is  the  mal'i  CEFA 
component,  but  in  the  "atheroma"  layer  from  advanced  plaque*  llno- 
leic  is  the  predominant  acid  (346,  350,  351).  The  proportion  of 
linoleic  acid  is  somewhat  lower  than  in  plasma  lipoprotein  but  it 
is  significantly  higher  than  in  the  fat  filled  cells  (Table  XXIX). 

It  is  frequently  assumed  that  the  "atheroma”  lipid  pool  under  large 
plaques  comes  from  fat  filled  cells  which  have  disintegrated.  This 
nuld  entail  a massive  transformation  of  the  cholesterol  eaters, 
presumably  by  preferential  hydrolysis  of  cholesterol  oleate.  This 
idea  receives  some  support  from  the  large  increase  in  free  choles- 
terol (Table  XXIX)  and  the  not  infrequent  finding  of  a thick  cap 
containing  numerous  fat  filled  cells,  some  of  which  seem  to  be 
disintegrating  into  the  atheroma  lipid. 

However,  we  have  recently  made  very  detailed  analyses  of  differ- 
ent fractions  isolated  from  such  plaques  by  micro-dissection,  and 
were  unable  to  find  any  evidence  of  differential  hydrolysis  (351). 

I think  that  even  where  there  are  a lot  of  fat  filled  cells  in  the 
vicinity  of  plaques,  most  of  the  pool  of  atheroma  lipid  is  not 
coming  from  disintegrating  fat  filled  cells  but  is  coning  directly 
from  the  plasma  lipoprotein.  I can't  reneat) er  if  I have  answered 
all  of  the  questions  or  not. 

DR.  LINDNER:  I absolutely  agree  with  Dr.  Wissler's  remarks 

and  1 think  you  are  not  right  to  say  we  have  not  enough  data  about 
the  mucopolysaccharide  (or  CAG)  content  in  this  lesion.  Naturally, 
in  earlier  works  people  pooled  together  parts  of  the  aorta  that 
were  so  long  that  they  could  not  differentiate  between  the  several 
kinds  of  lesions  but  now  we  have  not  only  histochemical  data  but 
data  from  biochemical  analysis  as  well  concerning  synthesis  break- 
down, total  content  and  turnover  tates  of  glycosamino  glycans  and 
proteoglycans  In  the  several  lesions,  early  as  well  as  late. 

The  age  dependent  increase  of  GAG  and  collagen  contents  is 
evident  (Fig.  157)  for  collagen  shown  by  the  hydroxyproline  content. 
The  higher  content  of  hexos amine  Indicates  the  presence  of  neutral 
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serum  glycoproteins.  The  serum  protein  content  is  iaportsnt  for  1 

the  physiologicsl  end  pathological  aetabollsa  of  the  arterial  wall. 

In  che  developaent  of  disturbed  vascular  aetabollsa  preceding  athero- 
sclerosis we  find  a disturbed  permeability  and  enhanced  eerua  con-  | 

tent.  Quantitative  lsauno logical  estimations  of  serum  proteins  in 
native  tissue  sections  (carried  out  with  the  so-called  ring-test-  * 

dilution  method)  are  shown  in  Fig. 158.  j 

f 

Summarizing  the  results  in  Fig. 158  we  can  see:  (1)  The  serum 
albualn  content  is  higher  in  the  lntiaa  than  in  the  media,  (2)  1 

higher  chan  the  Y~8i°t>ulin  content  in  every  atherosclerotic  stage,  I 

(3)  the  highest  content  of  both  serum  proteins  is  in  the  edematous 
plaques.  The  serum  protein  as  well  as  the  hexosaaine  content  de-  { 

creases  in  atheromatous  as  compared  to  edematous  plaques,  but  are 
higher  than  in  adjacent  unchanged  parts  of  the  same  vessels. 

So  we  have  the  highest  content  of  these  two  serum  proteins  in 
the  fresh  edema  plaques,  which  show  simultaneously  an  Increase  syn- 
thesis of  GAG  and  lesser  of  collagen.  The  S^^-lncorporatlon  assay  ? 

on  human  material  (Fig. 159)  shows  that  the  vascular  GAG  synthesis 
decrease  with  age  in  all  atherosclerotic  stages  and,  most  impor- 
tant, thar  the  highest  incorporation  rates  were  recorded  from  ede- 
matous plaques. 

Fig. 160  shows  that  che  total  content  of  proteoglycans  (as  of 
GAG)  and  of  collagen  in  young  humans  is  lower  in  the  mid-tho .acic  human 
aorta  than  in  more  rostral  or  caudal  segments.  These  local  differ- 
ences in  content  of  GAG  and  collagen  (demonstrated  by  uronlc  acid 
and  hydroxyproline  assays)  must  be  kept  in  mind  in  evaluating  ex- 
perimental findings  on  various  arterial  sites  in  the  body.  The 
DNA  content  (as  quantitative  assay  for  the  cell  number)  is  also 
lower  in  the  thoracic  aorta  as  compared  to  the  aortic  arch  and  the 
abdominal  aorta  (see  Fig. 161).  Thus  the  cell  number  seems  to  run 
in  parallel  to  the  total  content  of  GAG  and  collagen  in  the  human 
aorta. 

The  total  content  of  groundsubstance  and  the  relationships 
between  groundsubstance  synthesis  and  degradation  are  shown  in 
Fig. 162.  The  total  content  of  groundsubstance  („nd  fibers)  -.n  a 
connective  tissue  is  the  sun  of  synthesis  and  breakdown.  Both  can 
be  enhanced  or  inhibited  at  the  same  tine  or  separately.  In  the 
(irst  (upper)  line  the  breakdown  is  enhanced,  in  the  second  (middle) 
line  breakdown  Is  normal  and  In  the  third  (lower)  line  it  is  de- 
creased. In  the  left  row  the  synthesis  is  enhanced,  in  the  right  J 

row  decreased,  compared  with  the  normal  situation  (middle).  The 
numbers  mean  temporal  stages.  In  the  first  stage  of  atheroscler- 
osis after  injury,  before  morphological  evidence  for  early  lesions 
becomes  visible,  the  breakdown  of  the  groundsubstance  (as  well  as 
collagen)  may  increase  more  rapidly  than  synthesis.  In  the  end 
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Figure  150:  Summary  of  -®S-sulfate  incorporation  auays  on  human  material.  N * normal  arterial 
segment.  0 * edematous  plaques.  P * fibrous  plaque.  A * atheroma. 
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Figure  100:  Qumtity  of  collagen  and  mucopolysaccharide  in  segments  of  the  arterial  wall  taken  at 
different  levels  from  children 
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Figure  1(1:  Quantity  of  DNA  at  different  level  i of  the  human  aorta. 
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Figure  1(2:  Schematic  detcription  of  the  rel.itiont  between  groundtub*tartc*  synthetit.  degradation 
and  total  content  in  connective  tiiiue  in  athe-oicierotit  in  companion  to  development  and  dandard 
at  to  teveral  other  tickneuet  of  connective  t.ttue  and  aying 
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stages  of  atherosclerosis,  the  plaques,  we  find  a further  decreased 
total  content  of  proundsubstance  (as  in  the  earlv  stage  of  inflam- 
mation). When,  on  the  other  hand,  synthesis  increases  more  than 
breakdown  the  total  content  Increases.  Although  turnover  may  de- 
crease In  later  stages,  since  catabolism  decreases  more  rapidly 
than  anabolism.  An  increased  total  content  of  metachromatlc  ground- 
substance  results.  With  an  increase  in  collagen  content  morpholo- 
gical disorganization  occurs  as  well  as  necrosis  and  lipid  and 
calcium  deposition. 

In  understanding  this  process,  therefore,  we  must  distinguish 
between  synthesis,  degradation,  total  content,  turnover  and  half 
life  times,  in  early  and  progressive  lesions  and  we  have  to  frac- 
tionate the  several  patterns  of  mucopolysaccharides  (GAG)  espec- 
ially the  typical  ones  for  the  vascular  connective  tissue. 

Fig. 163  summarizes  the  process  of  lesion  development  as  I see 
it  on  the  basis  of  morphological  and  biochemical  work.  In  suwary 
it  appears  that  lipid  containing  smooth  musc.e  cells  can  not  only 
replicate  but  can  also  synthesize  and  break  down  collagen  and 
glycosamino  glycans.  Therefore  when  we  see  lipid  droplets  in 
smooth  muscle  cells,  especially  in  light  microscopic  overstained 
cells,  we  can  not  conclude,  as  the  old  concept  held,  that  the  cell 
has  nothing  else  to  do  than  to  die. 

In  early  lesions  of  atherosclerosis  both  synthesis  and  degrada- 
tion of  MPS  and  collagen  Increase.  So  do  their  turnover  rates 
but  their  half  life  times  are  shortened.  As  the  atherosclerotlc 
process  continues  anabolic  and  catabolic  processes  decrease.  So 
also  do  the  turnover  rates  and  the  total  contents  of  the  MPS  - 
and  the  soluble  collagen  fractions.  At  the  same  time  the  total 
i content  of  Insoluble  collagen  and  the  half  life  times  of  the  inter- 
I cellular  vascular  connective  tissue  increase. 

i 

Concerning  post  mortem  changes  we  can  confidently  say  that 
they  occur  slowly  since  we  have  compared  post  mortem  lesions  with 
i lesions  freshly  investigated  after  accidents  or  from  amputated 
legs.  The  findings  are  quite  similar. 

‘ DR.  ROBF.RT:  I would  just  like  to  refer  briefly  to  Dr.  Wisslcr's 

question  because  we  alsi  studied  recently  the  type  1 to  3 lesions 
' and  could  confirm  Dr.  Smith's  findings 

. Mucopolysaccharides  that  the.e  is  no  apparent  increase  In 

; and  Glycoproteins  acid  mucopolv*..  '•harides  but  we  found  a 

; verv  stgnifican:  increase  of  glvcc oroteins 

which  can  be  extracted  with  one  molar  sodiu'a  chloride  (244).  So 
there  are  definitive  biochemical  changes  even  In  the  apparently 
norma l- looking  portions  of  the  aorta  at  these  stages  of  the  athero- 
scleroti.  process. 
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DR.  STEIN:  I have  a question  for  Dr.  Smith.  The  LP  you  re- 

ferred to,  is  it  LDL?  And  I see  you  refer  always  to  albumin  and 
fibrinogen  and  what  about  the  HDL? 

DR.  SMITH:  We  have  only  rather  limited  data  on  HDL  because  we 
have  had  antibody  trouble.  But  we  do  now  have  a small  amount  of 
information,  and  HDL  is:  derived  from  about  one-fifth  the  plasma 
volume  of  LDL.  So,  in  fact,  its  retention  is  lying  somewhere  be- 
tween fibrinogen  and  albumin.  Obviously  one  really  wants  to  study 
a whole  range  of  plasma  proteins  of  differing  molecular  weight  but 
we  have  not  got  around  to  doing  any  of  the  others. 

DR.  KRITCHEVSKY:  Perhaps  the  differences  in  the  olelc-lineoleic 

ratios  in  the  cholesterol  ester  fatty  acids  could  be  explained  by 
assuming  that  the  fatty  streak,  in  which  12:2/18:1  Is  low,  is  a 
rapidly  metabolizing  tissue  which  is  trying  to  "detoxify"  the  chol- 
esterol by  esterlfylng  and  storing  it.  While  the  trapping  of  ad- 
ditional serum  should  cause  the  ratio  18:2/18:1  to  rise,  it  may 
not  if  the  "detoxification"  involves  the  synthesis  of  additional 
18:1  cholesteryl  ester. 

DR.  STRONG:  Dr.  Schwartz  asked  if  Strong  and  McGill  had  any- 

thing to  say  about  the  topographical  distribution  of  the  gelatinous 
lesion,  aud  I agree  with  Dr.  McGill  that  we  do  not.  I hope  that 
Dr.  Haust  will  respond  to  the  question  because  she  is  well  versed 

on  that  type  of  lesion.  We  do  have  con- 
Fatty  Streaks  in  siderable  information  about  the  topograph- 

Coronary  Arteries  leal  distribution  of  fatty  streaks  and 

fibrous  plaques.  It  is  very  difficult  to 
make  any  convincing  argument  about  topographic  similarities  in  the 
aorta  because  there  are  enough  fatty  streaks  in  the  aorta  to  account 
for  almost  any  non  advanced  lesion  that  would  be  superimposed  on  it. 

In  the  coronary  arteries  and  In  the  carotid  arteries,  the  topo- 
graphical case  for  a relationship  between  fatty  streaks  and  f ibrous 
plaques  is  so  convincing  that  it  Is  difficult  to  overlook.  The 
fatty  streaks  occur  predominantly  In  the  same  places  that  later 
become  covered  with  fibrous  plaques.  One  point  of  localization  Is 
the  anterior  descending  left  coronary  artery  just  past  the  bifur- 
cation and  another  Is  the  carotid  sinus.  We  have  mapped  out  the 
distribution  of  lesions  by  centimeter  from  the  ostium  of  coronary 
arteries,  and  the  curves  for  prevalence  of  fatty  streaks,  fibrous 
plaques  and  complicated  lesions  are  quite  similar  in  topographic 
distribution.  While  there  may  be  problems  about  quantitative  rates 
of  conversion,  there  is  no  doubt  that  fatty  streaks  and  fibrous 
plaques  occur  In  the  same  locations,  at  least  in  the  coronary  ar- 
teries and  carotid  arteries. 


I am  a bit  worried  about  placing  a lot  of  faith  and  confidence 
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in  the  pathogenetic 

The  Relation  of 
Gelatinous  Lesions 
to  Fibrous  Plagues 

If  these  gelatinous 
understand  how  they 


importance  of  the  gelatinous  lesion  when  we 

are  talking  about  a lesion  that  is  said 
to  occur  first  in  persons,  30  to  40  years 
of  age.  In  other  words,  we  know  that 
fibrous  plaques  become  well  developed  by 
the  end  of  the  second  and  third  decades, 
lesions  are  not  present  before  then,  I do  not 
can  be  the  precursor  to  the  fibrous  plaque. 


My  final  comment  is  on  the  fibrous  plaques  as  described  by  Dr. 
Smith.  I rarely  see  either  of  the  varieties  she  described  in  pure 
form.  I am  referring  to  the  fibrous  plaque  with  no  lipid  and  the 
fibrous  plaque  with  a neat  core  of  lipid  in  the  base.  1 was  amazed 
in  trying  to  select  "typical”  fibrous  plaques  (the  ones  with  the 
lipid  core)  to  see  how  much  lipid  was  in  the  thick  coat  covering 
the  lipid  core.  There  was  a great  deal  of  lipid  near  the  surface 
as  well  as  in  the  depth  of  most  of  the  plaques.  I do  not  believe 
that  I have  ever  seen  a fibrous  plaque  without  any  lipid  in  huK*n 
lesions. 

DR.  HAUST:  Dr.  Strong  wondered  whether  I would  comment  on  the 

subject  of  insudation  or  gelatinous  lesions  in  atherosclerosis. 
There  are  two  parts  to  the  problem:  (1)  Do  the  lesions  occur  at 
all.  and  (2)  if  they  do,  what  is  their  distribu' ion,  incidence, 
etc. 


The  lesions  do  occur  as  was  shown  already  in  the  thirties  and 
forties  by  the  German  pathologists  (220,  318)  and  later  confirmed 
on  this  continent  (141,  142,  143,  232).  These  lesions  had  been 
missed  on  gross  inspection  for  a long  time  because  they  have  no 
impressive  color  like  the  yellow  streaks.  They  resemble  pale  grey 
blisters.  The  answer  to  the  secend  question  had  never  been  seriously 
attempted  and  if  I speak  at  all  to  this  group  on  the  subject  it  is 
with  a plea  In  mind:  perhaps  we  all  should  collaborate  in  an  effort 
to  investigate  the  distribution  and  incidence  of  these  gelatinous 
elevations,  to  determine  whether  on  the  basis  of  their  distribution 
and  sites  of  predilection  alone  it  would  be  possible  to  be  convinced 
that  they,  indeed,  are  some  forms  of  prccurcors  of  the  well  advan- 
ced atherosclerotic  lesions.  Other  cat a do  point  to  this  associa- 
tion. Incidentally  we  see  these  lesions  in  v ninger  subjects,  under 
thirty  years  ..f  age. 


DR.  SMITH:  I was  wrong  in  saving  that  they  start  so  late. 

Looking  at  these  with  a biochemist's  eve. 
Age  Distribution  of  I was  thinking  in  terms  of  lesions  which 

Gelatinous  Lesions  are  large  enough  for  chemical  analvsis. 

Yes,  1 would  entirely  go  along  with  Dr. 
Haust  that  you  see  very  small  ones  in  the  vounger  age  groups.  But 
from  mv  point  of  view,  l would  not  be  able  to  analyze  them. 
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DR.  McGlLL;  We  need  information  about  the  quantitative  aspects 
of  the  "gelatinous"  lesion  beginning  at  least  iu  the  teens  and  ex- 
tending into  the  30  and  40  year  age  group.  This  is  the  most  diffi- 
cult age  group  to  study  because  Mortality  is  low,  eost  Mortality  is 
accidental,  and  it  is  difficult  to  get  access  to  thin  material. 
However,  we  oust  have  information  - quantitative  information  - about 
this  lesion  in  relation  to  other  types  in  order  to  answer  the  ques- 
tion about  its  role  in  pathogenesis. 

DR.  WIGHT:  I would  like  to  speak  briefly  of  the  role  of  glyco- 

saninoglycuns  in  lesion  developnent.  I think  It  is  lMPortar.t  that 

we  pay  particular  attention  to  the  changes 
The  Role  of  in  the  individual  types  of  glycosamino- 

Glycosamlnoglyeans  glycans  during  lesions  formation  and  not 

Merely  to  whether  there  are  total  Incre- 
ases or  decreases  in  these  MacroMolecules  during  atherogeneais. 
Individual  glycosaMinoglycana  differ  In  their  ability  to  bind  lino- 
proteins  (160)  as  well  as  in  their  ability  to  be  antlthroabogenlc 
(129). 

DR.  LINDNER:  I agree  with  Dr.  Wight  that  it  is  very  important 

for  bloc hami cal  research  on  the  several  kinds  of  lesions  in  athero- 
sclerotic vessels  to  fractionate  the  proteoglycans  and  glycosasd.no- 
glycans.  One  finds  different  patterns  depending  on  the  age  of  the 
lesloo  as  well  as  on  the  chronological  age  of  the  donor.  Several 
groups  report  an  increased  synthesis  of  acid  aulphated  mucopoly- 
saccharides (MPS-GAG)  especially  of  aulphated  GAG  (only  a few  re- 
port about  unsulphated  GAG)  during  the  development  of  early  athero- 
sclerotic lesions. 


DR.  ROBERT:  We  did  quite  extensive  studies  using  C- lysine 

Incorporation  Into  rabbits  which  were  fed  with  cholesterol  or  re- 
ceived just  Freund's  adjuvant  or  were  isnunlsed  with  elastln  and 
Freund's  adjuvant  (71,  283).  We  find  a quite  significant  shift 

in  tne  incorporation  pattern  in  the  dif- 
Llpld  Changes  in  ferent  extractable  and  nonextractable 

Association  with  fractions  as  obtained  by  our  "chemical 

Circulating  Antibodies  dissection"  procedure.  One  of  the  most 

striking  findings  was  the  marked  decrease 
of  lysine  incorporation  in  the  structural  glycoprotein  fraction. 
This  was  observed  both  in  those  rabbits  fed  cholesterol  and  those 
which  were  ianunixed  with  elastln.  There  was  a slight  Increase  in 
the  antielastin  antibody  tltre  In  the  cholesterol  fed  rabbits.  We 
think  that  circulating  antibodies  might  be  inportant  in  this  meta- 
bolic "shift"  which  can  be  shown  by  this  technique. 

DR.  DAY:  We  have  carried  out  a number  of  studies  on  the  syn- 

thesis of  lipid  by  human  arteries  obtained  from  renal  transplant 
donors  (398,  399).  It  was  possible  to  compare  the  uptake  and 
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Incorporation  of  oleic  acid  into  varloua  lipid  fraction*  in  normal 
intixa,  fatty  streak  lesions  and  in  fibre  fatty  lesions.  In  the 
normal  intima  the  uptake  of  oleic  acid  and  it*  incorporation  into 
cholesterol  ester  is  relatively  low.  In  the  adjacent  fatty  streak 
lesions  however  there  is  a nar‘:ed  increase  in  the  amount  of  oleic 
acid  incorporated  into  cholesterol  is ter.  We  also  studied  by  auto- 
radiography the  cells  responsible  for  the  uptake  and  incorporation 
wumh  of  oleic  acid  into  lipid  in  the  human  lesion.  Pig. 164  shows  an 
autoradiograph  from  a fibre  fatty  lesion,  following  incubation  of 
the  aorta  with  labelled  oleic  acid.  Three  cells  are  present. 
The  uptake  of  labelled  oleic  acid  and  its  incorporation  into 
phospholipid  and  cholesterol  ester  is  more  marked  in  the  lipid  con- 
taining foam  cell  than  in  the  adjacent  monocyte  or  fibroblast. 

We  have  done  similar  studies  with  14C  labelled  choline  in  order 
to  look  *.c  phospholipid  synthesis  in  cells  from  human  intima,  nor- 
mal and  atherosclerotic.  There  arc  shifts  in  the  amount  of  label 
Incorporated  into  phospholipid  in  the  fatty  streak  and  flbro  fatty 
lesions  compared  with  the  normal  intima.  Host  of  the  *4C  labelled 
choline  taken  up  and  incorporated  into  phospholipid  occurred  in 
the  foam  cells  of  the  lesion  (399). 


i 

i 


DR.  STEIN:  I would 

of  Zilversmit  (434).  I 

Lipid  Incorporation 
in  Lesions  versus 
Normal  Arterial 
Segments 


like  to  remind  the  group  about  the  paper 
think  he  was  the  first  to  compare  the 
Incorporation  of  32P  and  14C  acetate 
into  atherosclerotic  lesions  in  humans 
as  compared  to  the  normal  part  of  the 
artery.  He  fotnd  a very  marked  Increase 
in  the  lesions. 


DR.  SCHWARTZ:  I would  like  to  ask  a question  of  clarification 

of  Dr.  Day  and  perhaps  the  other  participants.  To  what  extent  can 
the  differences  in  incorporation  using  labelled  pr.cursors  in  nor- 
mal and  atheromatous  or  diseased  tissue  be  due  to  different  pre- 
cursor diffusion  into  the  lesion? 


DR.  DAY:  This  is  very  difficult  to  answer  definitely.  In  the 

lesion  it  is  possible  that  varying  permeability  to  precursor*  may 
be  partly  responsible  for  the  differences  in  uptake  and  incorpor- 
ation observed.  When  one  is  dealing  with  an  autoradiographic  sit- 
uation and  looking  at  penetration  or  uptake  by  different  cell  tvpes 
presumably  one  can  assume  that  adjacent  cells  are  exposed  to  sim- 
ilar concentrations  of  precursor.  Differences  between  cell  tvpes 
may  therefore  be  much  wore  relevant  than  the  grosser  comparison 
between  different  lesions. 

DR.  BOWYER:  l should  like  to  add  that  the  apparent  rates  of 

lipid  synthesis  in  variously  diseased  tissues  as  measured  bv 
incorporation  of  labelled  precursors,  will  also  depend  upon  the 
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size  of  the  existing  precursor  pool.  We  hsve  aeasured  the  specific 
activity  of  the  free  fatty  acid  pool  in  segments  of  arteries  per- 
fused with  3(1  oleic  acid  and  find  that  it  is  10  to  100  tiaes  less 
than  the  specific  activity  in  the  perfusate,  because  of  dilution  by 
the  endogenous  fatty  acid  in  the  arterial  wall.  Thus  rates  of 

arterial  lipid  turnovet  are  !0  to  100 
Lipid  Turnover  tiaes  higher  than  estiawted  from  the  per- 

in  Lesions  fusate  specific  activity,  if  it  is 

assuaed  that  exogenous  and  endogenous 
fatty  acids  are  utilized  at  the  saaw  rates.  In  fact,  a nuaber  of 
pools  of  lipids  probably  exist,  each  of  which  aay  utilize  a sepa- 
rate precursor  pool  for  synthesis.  Thus  the  specific  activity  of 
a free  fatty  acid  precursor  pool  for  plasaa  aeabrane  lipids  aay 
be  siallar  to  that  in  the  perfusate,  whilst  the  precursor  pool 
for  intracellular  organelle  lipids  aay  have  a auch  lower  specific 
activity,  being  deteralned  by  rate  of  diffusion  of  precursor  and 
intracellular  dilution. 

DR.  DAY:  I aa  aware  of  course  of  this  point  and  while  in 

the  studies  we  did  on  huaan  tissue  we  did  not  aeasure  tie  intiaal 
fatty  acid  pool,  we  have  done  so  in  our  an i sal  aodel  studies  and 
have  previously  presented  data  relating  to  the  incorporation  of 
fatty  acids  into  intiaal  lipid  based  on  the  measured  intiaal  fatty 
acid  pool  (78). 

DR.  BJORKERUD:  There  are  additional  factors  whicl  add  to  the 

difficulties  encountered  when  arterial  tissue  is  rtud.ed  lc  in 
vitro  systeas.  One  such  factor  is  the  peraeability  of  the  tissue 
saaples  for  e.g.  substrates.  Very  little  inforaation  is  available 
on  the  peraeability  of  huaan  arterial  tissve  for  different  sub- 
strates. We  tested  the  peraeability  of  non-atherosclerotic  huaan 
arterial  intiaa  and  aedia  saaples  for  glucose.  The  penetration  of 
this  substance  was  rate-liniting  for  the  rate  of  incorporation  of 
glucose  into  lipid*  with  tissue  saaples  larger  than  1.2  ag  (d.w.). 
There  is  wore  inforaation  available  on  aniaal  arterial  tissue. 
Arn^vist  preser,*'.J  recently  a thesis  with  data  on  the  si2e  of  the 
extraceliulcr  space  of  and  the  penetration  rate  of  glucose  into 
bovine  arterial  tissue  (16). 

DR.  ROBERT:  Just  a quick  answer  to  Dr.  Schwartz's  objection 

which  irt  ot;r  experiaeni...  vas  avoided  by  cutting  into  tinv  saall 
slices  all  the  aortas  and  atnsuring  pool  size  and  we  could  show, 
you  see,  that  it  if  not  an  iaportant  factor  in  our  experiaents. 

But  1 agree  with  vou  that  one  has  to  do  these  control  experiaents 
before  trving  to  interpret  the  results  in  teras  of  aetabolir  shift 
and  that  was  done. 


DR.  McGill,:  Dr.  Dav's  slide  with  a coluan  headed  "Fatty 

Streak"  reainds  ae  of  a caveat  I think  we  should  make  in  trying 
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to  get  information  in  the  future  that  wilt  answer  this  troublesome 
question  about  fatty  streaks  and  their  relation  to  other  lesions. 

There  are  several  different  kinds  of  fatty 
Different  Kinds  of  streaks  and  perhaps  this  such  maligned 

Fatty  Streaks  lesion  hi  - a bad  reputation  because  it 

comes  in  several  different  forms.  The 
juvenile  fatty  streak  in  a teen-age  person  is  quite  different  - 
not  so  much  in  gross  appearance,  but  certainly  in  microscopic  appear- 
ance - from  that  occurring  in  a middle-aged  or  elderly  person. 

There  may  be  three  or  four  different  kinds  of  fatty  streaks,  and 
they  mry  be  entirely  different  in  origin  and  outcome.  In  the  future 
when  we  use  the  term  'fatty  streak*  we  must  be  specific.  Is  it  the 
hignly  cellular  lesion  occurring  in  children  with  may  cells  filled 
with  fat,  cr  is  it  the  lesion  you  see  in  middle  age  with  lots  of 
extracellular  lipid  clustered  around  connective  tissue  fibers? 

DR.  DAY:  I apply  the  term  fatty  streak  to  a lesion  primarily 

characterized  by  intracellular  lipid  present  in  foam  cells. 

I demonstrated  a fibro  fatty  lesion  as  distinct  from  the  fatty 
streak  to  illustrate  the  differing  uptake  of  fatty  acid  by  three 
types  of  cells  present. 

DR.  ADAHS:  I want  not  only  to  talk  about  the  question  of  phago- 

cytosis by  smooth  muscle  but  also  to  provoke  some  consideration  of 

where  the  phagocytes  in  various  athero- 
Hacrophages  and  the  matoos  and  atherosclerotic  lesions  come 

Phagocytosis  of  Lipid  from.  I mentioned  yesterday  that  many 

RE  cells  contain  abundant  catalase  where- 
as smooth  muscle  does  not.  The  reaction  of  sinusoidal  histiocytes 
and  blood  monocytes  for  catalase  is  illustrated  in  Figs. 165  and 
166.  When  lipids,  including  atherosu- lipids,  are  injected  subcu- 
taneously, a fair  proportion  of  the  phagocytes  in  the  lesion  - 
presumably  macrophages  - can  be  stained  for  catalase  (3)  (Fig. 167). 

In  sections  of  atheromatous  lesions  of  rabbit  aorta  there  are  no 
catalase-positive  cells  (Fig. 168).  1 know  that  Dr.  Poole  (261) 

showed  some  years  ago  macrophages  or  monocytes  passing  through  the 
endothelium  into  the  wall  of  the  vessel,  but  our  data  here  would 
suggest  that  the  main  accumulation  of  ceils  are  not  of  RE  origin. 

It  cannot  be  said  that  they  are  necessarily  smooth  mus  le  cells 
because  this  particular  technique  does  not  identify  the*  as  such. 
Likewise,  the  intimal  cells  in  sections  of  human  fatty  streaks 
(Fig. 169)  and  fibro  fatty  plaques  are  all  catalase-negative  »3). 
Again  the  intimal  cells  cannot  be  identified  with  the  catalase 
method  as  necessarilv  being  smooth  auscle  cells.  Their  butvry. 
cholinesterase  reaction  is  in  fact  negative,  whereas  if  they  were 
normal  smooth  auscle  cells  thev  would  contain  this  enzyme. 

genditt  and  Benditt  (25)  made  the  point  from  some  very  elegant 
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work  on  isoenzyme  studies  that  the  lipopbage  smooth  muscle  is  de- 
rived from  a single  cell  or  a single  clone  of  cells.  The  Benditts 
suggested  that  this  might  indicate  some  change-  in  the  nature  oi  the 
DJSA  of  the  cell  induced  by  a chemical  mutagen  or  virus.  However, 
an  alternative  and  simple  explanation  could  be  that  only  one  or  two 
smooth  muscle  cells  enter  the  intima  from  the  media  and  the  intimal 
jrtscle  cells  are  the  product  of  the  proliferation  of  that  single 
cell. 


1 would  now  like  to  consider  how  quickly  lipid  can  be  resorbed 
from  lesions.  In  the  rabbit  a cholesterol-induced  fatty  liver 
resolves  in  about  two  months  (4,  148).  When  lipids  are  implanted 
under  the  skin  they  are  cleared  fairly  rapidly.  A total  ei.tr-»ct 
.r  atheroma  lipids  injected  under  the  skin  is  cleared  by  macro- 
phages in  about  nine  weeks  in  the  rat  and  6-12  weeks  in  the  rabbit 
(5).  On  the  other  hand,  atheromatous  lesions  in  the  rabbit  are 
at  best  slow  to  resolve.  Ue  found  that  aortic  cholesterol  in  the 
rabbit  goes  up  to  152Z  after  one  year’s  regression  following  a 3 
month  period  of  cholesterol  feeding  (4).  The  Rhesus  norkey  My 
partly  resorb  its  coronary  atheroma  during  18  - 40  months  of  re- 
gression, but  it  seems  at  best  to  be  a slow  affair  (14).  I would 
like  to  impress  on  you  that  10  mg.  of  lipid  in  a rabbit  atheroma- 
tous lesion  stays  there  for  a year,  but  put  the  same  amount  of  the 
lipids  under  the  skin  and  it  goes  relatively  quickly. 


car 


One  must  conclude  that  the  arterial  wall  intimal  cells  are 
very  inel:  iv-xent  at  lipid  removal  when  compared  with  the  Mcrophage. 
A number  of  possibilities  could  explain  this  difference.  The  first 
possibility  is  that  smooth  muscle  has  little  or  no  phagocytic  cap- 
scit) . The  second  possibility  is  that  arterial  wall  smooth-muscle 
may  h.ive  a relatively  lot  proliferative  capacity  and  cannot  keep 
up  with  the  lipid  that  is  being  deposited  in  the  * issue.  Hence, 
extracellular  lipid  is  allowed  to  accumulate  in  a quantity  which 
is  not  seen  where  Mctophages  are  present.  The  third  possibility 
is  that  the  smooth  mur-cle  cell  is  programmed  to  srav  in  the  tissue 
and  is  not  programmed  to  travel  back  to  RE  organs  in  the  way  that 
one  would  expect  an  RE  macrophage  to  behave.  In  another  context, 
the  Schwann  cell  is  an  important  phagocyte  in  the  degenerating 
nerve;  it  seerw  to  remain  in  situ  and  reuses  the  breaking  down 
myelin  lipids  to  make  new  myelin  (268).  The  fourth  possibility 
is  that  the  endothelial  barrier  of  an  artery  may  be  relatively 
resistant  to  the  passage  of  macrophages.  The  major  route  for  the 
macrophage  to  enter  the  tissues,  as  in  inflammatory  conditions,  is 
more  likely  to  be  through  the  capillary  and  venular  wall.  Bjorke- 
rud  and  Bondjers  (39)  showed  that  monocytes  enter  the  aortic  wall 
when  :he  endothelium  has  been  damaged,  but  against  this  Poole  and 
Floret  found  macrophages  traversing  the  apparently  intact  endo- 
theli  be  of  the  atheromatous  aorta  t261).  A final  consideration  is 
that  perineurium  - anajagous  to  an  epithelium  - around  the  peri- 
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| pheral  nerve  keep*  macrophages  out  until  the  nerve  is  cut,  and 
I then  the  macrophages  enter  from  the  point  of  trauma  where  the  peri- 
neurium has  been  breeched  (28).  Which  of  the  various  possibilities, 
if  any,  is  responsible  for  the  inefficient  lipid  handling  in  mature 
atherosclerotic  lesions  is  uncertain.  Nevertheless,  scs'e  aspect 
of  cellular  lipid  removal  must  be  defective  to  allow  so  \sich  extra- 
cellular lipid  to  acc'jmulate. 

1)R.  POOLE:  Did  you  imply  that  none  of  th^  cells  in  rabbit  aaasrr 

atheromato’is  le&iois  are  mac rt phages?  If  so,  1 think  you  should 
examine  Hautchen  preparations  from  these  lesions,  where  nuclear 
morphology  clearly  identifies  /.ells  traversing  the  endothelium  as 
macrophages  (261). 

DR.  ADAMS:  No,  t mean  that  the  main  accumulation  of  cells  it 

5 not  of  reticule-endothelial  origin.  T admit,  however,  that  the 

endothelium  is  usually  lost  from  arteries  incubated  in  histochemi- 
! cal  media.  The  suggestion  to  apply  the  catalase  reaction  to 
Hautchen  preparations  of  endothelium  is  a very  good  idea. 

; Subsequent  work  i.as  shown,  in  accord  with  Poole  and  Flcrey 

i (261)  a moderate  number  of  catalase-rich  cells  (presumably  macro- 
phages) or.  both  sides  of  Hautchen  preparation*  of  cndotheliun  from 
atheromato’is  rabbit  aorta  (Fig. 170).  The  presence  of  macrophages 
in  endothelial  preparations  and  their  absence  iroat  the  main  bulk 
of  intimal  cells  is  not  Inconsistent  with  any  of  the  foregoing 
comments,  but  it  does  leave  unanswered  the  problem  „’..y  the  macro- 
phage does  not  penetrate  into  the  main  mass  af  .be  l‘iion. 

DR.  HAUST:  Dr.  Poole  indicated  that  more  valid  distinctly. 

(thao  by  the  above  demonstration  of  catalase)  is  :_ade  between  t he 
macrophages,  smooth  muscle  cells  and  endothelial  cells  by  light 
microscopy  on  the  basis  of  the  nuclear  shape.  It  became  obvious 
in  the  past  decade  that  this  does  r.ot  hold  true,  as  by  electron 
microscopy,  many  fat  containing  cells  with  rounded  nuclei  thai 
otherwise  were  indistinguishable  from  those  of  macTophages  on 
light  microscopy,  proved  by  other  criteria  to  be  smooth  muscle 
cells  (19,  114,  144). 

I should  like  to  conclude  with  two  statements:  Dr.  Adams  did 

not  exclude  in  his  presentation  the  possibility  that  macrophages 
were  present  in  the  lesions,  but  on  the  basis  of  his  data  stated 
objectively  that  the  cells  in  the  lesions  are  not  catalase  posi- 
tive (which  may  imply  they  a priori  do  not  belong  to  the  catalase- 
positive cell  type,  or  that  they  have  lc.-t  this  once-possessed 
characteristic).  Secondly,  ot-e  has  to  be  quite  careful  in  iden- 
tifying any  one  cell  type,  particularly  under  pathological  condi- 
tions. on  the  basis  of  the  shape  of  the  nucleus  and  on  light 
microscopic  examination  alone. 
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EDITORIAL  COHKE>T 


The  discussion  of  Fenditt’s  work  focused  on  a paper  (25)  in 
which  evidence  for  a atmuclrsial  origin  of  huaan  atherosclerotic 
plaques  was  presented.  In  the  un involved  portion  ol  arteries  both 
the  A and  B isoenzymes  of  glucose-6-pk  sphate  dehydrogenase  were 
found.  In  the  fibrous  plaques,  however,  only  one  or  the  other 
isoenzyme  was  present.  Thr  workers  ' .rerred  therefroa  a morodonal 
origin  of  the  ceils  in  the  plaque  ;.rea. 
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Figere  171:  Electron  micrograph  taken  from  a action  of  the  thoracic  aora  o*  a 19  year  ok)  black 
man  who  died  a*  a remit  of  an  accident.  It  contain*  t-  cell  ttAich  itdesrly  recognizable  m a amooth 
muscle  cell  with  lipid  inclusion  {SMC) . There  h another  cell  that  H pAnWy  » monocyte  or  a 
macrophage  widtout  any  lipid  (Ml.  The  third  eeh  (FCI.  a lipid  laden  foam  cell,  ha*  none  of  the 
distinguishing  feeture*  of  the  rmooth  snooth  mu*de  cell. 
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DR.  POOLE:  I do  not  suggest  that  cells  cac  be  identified  on 

the  basis  of  nuclear  morphology  alone.  However,  the  study  of  nuc- 
lear morphology  does  enable  one  to  say  with  confidence  that  in  the 
intiaal  lesions  in  the  aorta  of  rabbits  fed  cholesterol  three  dis- 
tinct types  of  cell  contain  fat  droplets.  Other  evidence  enables 
one  to  identify  these  three  types  as  endothelial  cells,  macrophages 
and  f <»oth  auscle  cells. 

DR.  STROMC:  I have  seme  coments  which  are  paitinent  to  the 

preceding  discussion  and  which  have  a bearing  on  Dr.  Benditt's 
theory.  It  seen*  to  ne  that  there  are  two  main  types  of  lipid- 
filled  cells  in  human  atherosclerotic  lesions  and  in  many  experi- 
mental atherosclerotic  lesions,  certainly  in  the  Rhesus  monkey. 
There  is  no  doubt  at  all  that  lipid-containing  smooth  muscle  cells 
are  present  in  husan  and  experimental  lesions.  Fig.171  is  an  elec- 
tron micrograph  of  a human  aortic  fatty  streak  from  a 19  year  old 
itale.  It  contains  joc  cell  which  is  clearly  recognisable  as  a 
smooth  muscle  cell  with  lipid  inclusions.  There  is  another  cell 
that  is  probably  a ronocyte  or  macrophage  without  any  lipid.  And 
then  there  la  aoethe  lipid-containing  cell  which  has  none  of  the 
distinguishing  ife&tisres  of  smooth  muscle  cells.  This  cell  be 
referred  to  as  a "team  cell"  and  I believe  that  it  iu  a macrophage 
or  monocle  filled  with  plagocytosed  lipid.  Pig.  171  A shows  a 
lipid  containing  smooth  sruscle  cell  from  the  sane  fatty  streak,  and 
Fig.  172  shows  soother  foam  cell  from  this  lesion.  Fig.  173  demon- 
strates a lesion  in  a Rhesus  monkey  which  has  been  fed  a high  chol- 
esterol diet  for  twelve  weeks.  It  shows  an  endothelial  cell  with 
no  lipid,  foam  cells  (which  I think  are  macrophages  filled  with 
lipid) , and  a cell  recognizable  as  a smooth  muscle  cell  which  also 
contains  lipid  droplets.  Theories  of  pathogenesis  must  take  the 
macrophage  into  account  or  show  that  the  foam  cells  &*e  really  not 
macrophages  at  all  but  arc  unri.cognlz.-ble  smooth  mufde  cells. 

Dr.  Herbert  Stary  recently  presented  a paper  in  West  Berlin 
giving  his  findings  on  the  proliferation  of  arterial  cells  in 
response  tc  cholesterol  feeding  in  the  Rhesvs  monkey,  and  he  sepa- 
rated the  cell  types  in  accordance  with  those  that  I have  just 
described.  Using  tritiated  thymidine,  he  showed  that  there  was 
no  proliferation  of  the  endothelial  cell*  in  response  to  feeding  a 
high  cholesterol  diet.  There  was  proliferation  of  intinal  smooth 
muscle  cells.  There  was  also  proliferation  of  foam  cells.  And 
cbere  was  proliferation  of  the  medial  smooth  muscle  cells.  The 
incimal  smooth  muscle  cells  were  proliferating  at  a faster  rate 
than  the  medial  smooth  muscle  cells  When  groups  of  animals  given 
the  high  cholesterol  die.  for  twelve  weeks  were  then  returned  to 
a normal  diet  for  sixteen  weeks  there  .’as  a reversal  of  this  in- 
creased proliferative  activity.  In  an  additional  group  of  monkeys 
which  were  fed  the  high  cholesterol  diet  for  twelve  weeks  and  then 
a normal  diet  for  forty  weeks,  cell  proliferation  in  all  of  these 


3*2 


CHAFTM4 


Fife*  171  A:  Electron  microtvaph  from  t human  th-**ac  aorta  thotainp  typical  tmooth  miracle 
call  (SMC)  oontaMnf  many  li'<id  droplets  Note  tfi*  b*  -nent  membrane,  pmccytotic  mtch  and 
myofilament*  in  the  tmooth  nuacle  ceii.  In  the  upper  rif«{  tide  microyaih  it  a portion  of  an 
endothelial  cell  (El. 
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Fipm  172:  Th«  micrograph  thou*  a lipid-laden  foam  cNI  (FC)  from  a portion  of  the  thoracic  aorta 
of  a human.  Soma  of  tha  lipid  tfropfatt  have  bean  dipnlaod  out  in  die  proem* in*  Note  numtrout 
pwudoporfc  along  cafl  membrane*. 
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Fm.  m:  Electron  micro***  mowinj  • OOhoo  o’  toxic  mum*  of  t rhesus  monkey  »ed  * h*h 
cholesterol  diet  tor  12  «.*».  Ad^cent  to  the  endowed  cell  (El  *e  three  hp«J  «"* 

(FC>  The  pseudopods  of  these-  cells  inteed^itate  to  *orm  * levered  *******  A Portion  ot* 
wrtooth  muscle  cell  (SMC)  oont*n,nq  lipid  droplets  is  seen  m me  lower  section  of  the  m.cro***. 
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cell  types  was  back  to  baseline  levels. 

1 have  a question  for  the  audience.  Obviously,  the  smooth 
muscle  cell  must  be  very  Important  because  of  all  the  things  xi 
can  synthesize,  iw?«ely,  collagen,  elastin  a'd  GAG  (glycosamino- 
glycans).  Could  macrophages  under  certain  conditions  manufacture 
these  same  substances? 

DR.  ROBERT:  A very  short  answer.  They  can  make  GAG  but  none 

of  the  other  macromolecules  as  far  as  1 know.  Tiny  small  amounts 
of  collagen  biosynthesis  by  hydroxyproline  incorporation  is  demon- 
strable in  any  cell  types.  Theoretically  any  cell  type  can  make 
any  macromolecule.  The  question  is  how  much  will  it  make  effect- 
ively in  a given  condition? 

DR.  LINDNER:  I think  actually  macrophages  can  synthesize  some 

polysaccharides  and  sulphated  glycosaminoglycans,  especially  if 
there  is  phagocytosis  of  some  material  and  then  therefore,  for 
example,  hesusiderin  or  something  inside,  then  we  have  a so-called 
Tragerstoff,  or  carrier  substance  composed  histochemically  of  neu- 
tral and  acid  mucopolysaccharide-protein  and  lipoprotein  molecules, 
a material  which  the  macrophages  cannot  break  down. 

DR.  HOFF:  Fine-structural  changes  in  the  morphology  of  arter- 

ial intimal  smooth  muscle  cells  have  been  a common  observation  in 

animals  following  experimentally  induced 
Human  Modified  Arterial  intimal  thickening  and  atherosclerosis 
Smooth  Muscle  Cells  (149).  Some  ot  these  alterations  are 

considered  to  represent  cell  dediffer- 
entiation (338).  Uissler  (424)  has  described  these  cells  as  multi- 
potential mesenchymal  cells.  In  the  course  of  a study  of  human 
atherosclerotic  lesions  obtained  within  three  hours  post  mortem, 
we  have  observed  various  ultra-structural  alterations  of  smooth 
muscle  cells  in  diffuse  intimal  thickening,  fatty  streaks,  and 
fibro-muscular  caps  of  fibrous  plaques.  One  of  the  more  subtle 
and  perhaps  earliest  changes  is  a disorientation  of  myofibrils 
and  a widening  of  the  space  between  individual  fibrils  (Fig. 174), 
possibly  the  result  of  local  edema.  A more  characteristic  altera- 
tion is  the  loss  of  myofibrils  in  the  central  portion  of  the  cell 
and  the  presence  in  this  area  of  abundant  rough  surfaced  endoplas- 
mic reticuliaa,  mitochondria  and  Golgi  zones  (Figs. 175,  176). 

These  changes  have  been  dea< ribed  in  smooth  muscle  cells  of 
experimental  animals  following  .sechanical  Injury  (233),  transplan- 
tation (18),  diet-induced  atherosclerosis  (389),  and  cells  grown 
in  tissue  culture  (315).  The  basement  membrane  surrounding  such 
cells  is  often  discontinuous,  swollen  and  frequentl)  appears  to  be 
layered  (Fig. 175).  Centrioles,  suggesting  subsequent  mitosis,  are 
seen  in  these  cells  with  only  minimal  presence  of  myofibrils  at 
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Figure  174:  Ehctton  mcrop«li  of  i modified  ynooP  mutck  ccfl  in  (a  fibromutcular  cap  of  • 
human  iliac  artery  fiixout  plaque.  Note  the  lack  of  orientation  and  spreading  out  of  myofibrils  in 
tie  cell's  center,  in  contract  to  a more  oriented  alignment  of  myofibrils  on  die  cell's  periphery.  Foci 
of  increased  stectmn  density  can  be  seen  in  die  areas  of  oriented  myofibrils  both  at  the  cell 
membrane  and  with  i the  myofibrils.  Cistemat  of  endopiaunic  reticulum  and  mitochondria  are 
swollen,  possibly  the  result  of  post-mortem  changes.  Basement  membrane  material  surrounds  part 
of  the  cad.  and  there  are  patches  of  material  with  similar  structure  and  density  doee  to  the  cell 
surface  Urrowl.  x 12.400. 
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Figure  176:  Electron  micrograph  of  a longitudinal  section  of  a modified  smooth  muscle  cell  in  the 
fibromuscular  cap  of  a human  iliac  arteiy  fibrous  plaque.  Only  remnants  of  orimted  myofibrils  can 
be  s^r-  at  the  cell's  periphery.  The  remainder  of  this  cell's  cytoplasm  contains  rough  surfaced 
endoplasmic  reticulum,  pinocytotic  vesicles,  some  microtubules,  and  swollen  mitochondria 
(possibly  representing  post-morten.  changes).  The  basement  membrene  is  present  but 
discontinuous.  Note  the  presince  of  multiple  layers  of  basement  membrane-like  material  running 
parallel  to  ihe  cell  surface,  y i5, 700. 
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Figure  176  Electron  micrograph  of  a modified  smooth  muscle  cell  in  the  fibrom oscular  cap  o<  a 
human  iliac  artery  fibrous  plague  This  cell  is  similar  ‘o  that  in  Fig.  176  but  cut  in  cross -sect  ion 
Again,  note  the  abundant  rough  surfaced  endoplasmic  reticulum,  mitochondria.  Golgi  tones,  dense 
bodies.  Myofibrils  cut  in  cross-section  can  be  seen  sparingly  at  the  cell’s  periphery  Note  the  lack  of 
a distinct  basement  membrane  but  the  presence  of  some  amorphous  material  surrounding  most  of 
the  cell  This  cell  comes  into  dose  contact  with  a neighboring  cell  oner  a narrow  span  of  cytoplasm 
(arrow),  x 31500 


DEVELOPMENT  OF  THE  ATHEROMATOUS  LESION 


289 


Che  cell's  periphery  (Fig. 177).  A common  finding  in  smooth  muscle 
cells  of  fatty  streaks  and  fibrotnuscular  caps  of  fibrous  plaques 
is  the  appearance  of  vacuoles  containing  material  of  variable  den- 
sities suggestive  of  secondary  lynosomes  (Fig. 178).  Some  elongated 
cells  considered  to  be  smooth  muscle,  are  almost  entirely  filled 
with  such  vacuoles  (Fig. 179).  Such  lysosomal  bodies  have  been 
observed  in  smooth  muscle  cells  in  experimental  atherosclerosis 
(247,  338)  and  in  human  atherosclerotic  lesions  (114,  141,  210). 
Ultra-centrifur ation  studies  by  Peters  et  al  (254)  have  demonstra- 
ted two  types  of  lysosomes  in  smooth  muscle  cells,  a high  density 
fraction  containing  high  activities  of  hydrolytic  enzymes  and  a 
lower  density  fraction  also  containing  large  amounts  of  cholesterol. 
It  is  conceivable  that  these  observed  electron  dense  vacuoles  in 
the  modified  smooth  muscle  cells  in  human  atherosclerotic  lesions 
may  represent  both  lysosomal  fractions.  Although  the  precise  role 
of  lysosouies  in  the  atherosclerotic  process  is  still  unclear,  it 
has  been  suggested  that  these  organelles  normally  function  as  a 
disposal  system  for  imbibed  plasma  constituents  (254).  Since 
arteries  with  lower  acid  hydrolase  activity  are  ao.“  ;irone  to 
atherosclerosis  than  arteries  with  high  levels  (221),  it  is  possible 
that  the  secondary  lysosomal  bodies  within  smooth  muscle  cells  of 
atherosclerotic  lesions  may  represent  incomplete  digestion  of  en- 
gulfed material,  in  particular,  lipid. 


DR.  McGILL:  Dr.  Benditt's  cc  -joept  would  explain  manv  puzzling 

things  about  atherosclerosis.  Among  them  is  the  focal  nature  of  a 
lesion.  In  dealing  with  hyperlipidemia,  the  strongest  risk  factor 

for  clinical  disease  and  for  some  types 
The  Monoclonal  Theory  of  lesions,  we  have  always  been  puzzlec 

by  the  fact  that  although  the  same  blood 
bathes  all  the  arteries,  the  lesions  are  focal.  The  concept  that 
mosaicism  exists  in  the  smooth  muscle  cells  of  the  arterial  wall, 
or  the  concept  that  transformation  takes  place  in  an  Individual 
cell  would,  if  true,  explain  the  focal  nature  of  the  lesions.  It 
might  explain  the  focal  nature  of  the  juvenile  fe.cty  streaks  which 
seem  to  represent  lipid  accumulation  in  smooth  muscle  cells  in  a 
particular  period  of  life.  It  may  explain  the  peculiar  prolifer- 
ative reaction  that  occurs  in  some  fatty  streaks  under  certain  con- 
ditions and  leads  to  fibrous  plaques. 


DR.  ROBERTSON’  Regarding  Benditt's  observation  or  monoclonal 
cell  populations,  ii  may  be  worthwhile  to  briefly  review  tissue 
culture  stuuier  zone  in  our  laboratory  utilizing  morphological ly 
identical  populations  of  arterial  intimal  cells  obtained  from  donors 
of  the  same  sex  and  age  with  or  without  histological  or  gross 
atherosclerosis  elsewhere  (305).  Ceils  from  atheromatous  arteries 
showed  a striking  increase  in  the  rate  of  intracellular  incorpora- 
tion of  tritiated  homologous  low  density  and  verv  low  densirv  lipo- 
proteins over  similar  cells  from  disease-free  vessels.  This  seems 


| Figase  177:  An  r -jetton  micrograph  of  a modified  smooth  muscle  ceil  in  the  thickened  irrtim*  of  a 

I human  abdominal  aorta.  Note  the  pretence  of  two  cemrtoies  ore  ir.  cross-  the  other  in  longit  xfinal 

[ taction  suggesting  lubaeouent  cell  mitosis  Rough  turfaced  endoplasm  i<-  .eticulum.  mitochondria, 

| and  Golgi  tone*  can  be  readily  Ken  A vacuole  (large  arrow)  lu-tounded  by  two  memliranet 

£ contains  cell  debris  and  may  represent  an  autophagic  vacuole  A discontinuous  basement  membrane 

| surrounds  part  of  this  out  I Note  the  clow  apposition  of  the  cell  membrane  to  that  of  a neighboring 

t smooth  muscle  cell  x 19,000 
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Fippe  171:  Electron  micragraph  of  modified  anoodi  ithmcIc  cal  It  from  a human  aortic  fatty  streak 
iaaiun.  The  upper  call  hat  numerou*  myofibrMt  man  in  crott  taction.  A group  of  two  ban 
mitochondria,  degradation  productt.  and  a lipid  droplet  are  aiao  pretent  in  the  cytopiaem.  The  cell 
it  tmroundad  by  a haaamant  membrane  which  « ertraordmartiy  dvsa.,  narticuiarfy  in  the  area 
adjacent  to  anodmr  call.  The  lower  call,  although  turroundad  m pan  br  a haaamant  membrane, 
thorn  almost  no  myofibrih.  Swollen  mitochondria,  lipid  droplets  and  mcsndery  h totomat  (fitted 
with  different  material  of  variable  denaitiet)  can  be  men  in  the  cytopiaem.  all 
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F^m  171  An  elect>on  micrograph  erf  an  el ongated  cHt  presumed  to  be  derived  From  smooth 
muscle  in  a human  aortic  tatty  streak  lesion.  Note  the  numerous  bodies  erith  variable  electron 
densities  bettered  to  be  secondary  lytosomes  Some  rough  surfaced  endopiawnie  reticulum  and 
mitochondria  are  swollen.  A basement  membrane  is  absent  around  this  cell.  « 13.500. 
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to  be  £ phenotypically  expressed  metabolic  abnormality  that  is  pre- 
sent in  these  cells  even  after  several  in  vitro  generations  (Fig. 180) 

Our  data  rules  out  neither  spontaneous  or  viral  induced  transform- 
ation of  human  arterial  cells  occurring  after  birth  as  suggested 
by  Benditt's  results  or  a genotypically  transmitted  familial  dis- 
order expressed  late  in  life.  Experiments  in  progress,  studying 
offsprings  of  patients  with  severe  symptomatic  atheroma,  will 
attempt  to  answer  this  important  question. 

Regarding  Dr.  Colin  Mams  comments  about  xanthomatous  cells, 

I would  like  to  point  out  that  we  have  carried  out  comparative 

measurements  with  cells  from  xanthomatous 
Xanthoma  versus  and  normal  skin  as  well  as  from  the  arter- 

Atheroma  ial  wall  in  the  same  patient  ^306).  We 

found  that  while  both  ceil  types  incor- 
porated autologous  or  homologous  whole  serum  and  particularly  low 
density  lipoprotein  fractions  very  rapidly  in  vitro,  only  xanthome 
cells  showed  morphological  and  quantitative  evidence  of  regression 
of  intracellular  sterol  deposits  after  short  incubation  in  normo- 
lipemic  sera.  The  arterial  intima-cytes  remained  lipid-laden  with 
eventual  transformation  into  typical  atherocytes  or  "foam"  cells. 

These  findings  suggest  that  clinical  reversibility  of  xanthomatous 
lesions  may  not  be  an  accurate  index  of  similar  changes  taking  place 
in  arterial  atheromatous  les  ons. 

PR.  FISHER- DZOGA:  I can't  contribute  any  thing  to  this  as  far 

as  the  in  vivo  situation  is  concerned  but  we  have  some  experience 
with  primary  cultures  of  mainly  monkey  and  rabbit  cells.  We  did  momscv 

grow  out  primary  cultures  and  we  convinced  ourselves  that  they  are  ssswr 

smooth  muscle  cells  in  that  they  react  positively  with  antl-acto- 
myosin.  Then  we  studied  proliferation  and  I must  say  that  prolif- 
eration is  an  Increase  or  a second  spurt  of  proliferation  aft  v 
these  cultures  have  reach  a stationary  phase.  They  are  six  to 
eight  weeks  old  when  we  use  therj  for  these  proliferation  studies, 
and  they  do  accumulate  lipids.  In  normal  cultures  we  find  anywhere 
between  one  to  about  10%  lipid  incorporation,  and  it  jumps  up  with 
the  hyper1 ipemic  lerum,  it  jumps  up  to  36%.  So.Tnal  LDL  does  not 
do  anything.  Hyp  erlipea.'.c  LDL  gives  a tremendous  response.  Not 
the  normal  concentrated  LDL  which  was  given  in  twice  .he  concen- 
tration of  this,  so  that  we  could  compare  it  witn  diluted  LDL. 

PR.  WERTHESSEX:  Would  you  then  conclude  that  you  had  a mixed 

popul*' ion? 

DR.  F1SHER-DZ0GA:  1 should  have  mentioned  that  too.  These 

are  ail  cells  from  normal  aorta  and  their  response  to  byperlipemic 
serins  seems  to  be  proliferation  but  it  is  spotty  in  each  culture, 
and  as  I think  Dr.  Russell  Ross  mentioned,  in  his  cultures  he  finos 
a homogeneous  disposition. 
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F*»»  Ht:  Summarv  of  difference  found  in  rate  o>‘  tritiated  ow  denary  lipoprotein  cholesterol  by 
human  aortic  intimai  cells  in  Shortterm  culture.  The  shadow  bars  indicate  «* aragr  uptake  rates  of 
intimai  celts  from  atheroma-free  aortas  and  die  dear  bars  the  rate  of  uptake  by  simitar  cells  from 
disease  free  areas  of  aortas  seith  severe  at*rosdero*is  elsewhere.  The  study  wes  carried  out  with 
autopsy  material  from  76  male  donors,  matched  for  aye.  without  clinical  history  of  hyperlipemia, 
diabetes  or  hypertension. 
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DR.  ROBERT:  1 would  like  to  offer  some  speculat lonu  concerning 
he  possibility  of  such  a clots-,!  mechanism.  In  order  to  have 

"clones"  in  lesions  you  must  have  several 
The  Monoclonal  Theory  types  of  cells  originally  in  • ie  normal 

6 Antigenic  Mechanisms  aorta.  Here  Is  one  possibil?’  , and  this 

can  be  tied  now  to  experiment  we  heard 
o,r  read  about.  What  we  «ave  to  consider  as  a possibil i for  "clo- 
nal selection"  is  something  which  would  exert  a chemical  or  immuno- 
logical  "pressure"  on  cells  to  selectively  proliferate.  Such  a 
mechanism  could  be  for  instance,  that  som?  of  the  smooth  muscle 
cells  do  have  receptors  for  some  specific  antibodies  or  autoanti- 
bodies and  the  others  would  not  have  receptors  for  thes'-  antibodies. 
This  would  originally  be  a very  good  difference  between  these  two 
types  or  several  types  of  cell  populations.  Fig. 181  shows  the 
finding  that  started  ail  our  speculations  and  experimental  work  on 
the  immunological  theory  of  arteriosclerosis.  We  screened  several 
hundred  so-called  normal  and  arteriosclerotic  people  and  all  of 
them  had  low  but  reproducible  amounts  of  anti-elastin  antibodies. 
Those  which  really  had  strong  lesions  were  in  the  letter  titer 
class.  Mow  these  antibodies  occur  from  age  20  and  they  disappear 
or  get  very  low  after  age  70  only  (Fig. 182).  The  presence  of  these 
antibodies  started  a new  experimental  approach  to  the  immunological 
theory  of  arteriosclerosis  (294,  295).  One  problem  v-s  to  explain 
how  the-;e  antibodies  really  appear  in  the  circulation  and  that  is 
where  we  had  to  resort  to  a choice  between  an  "instt active"  ot  a 
"forbidden  clone-type"  of  theory.  Whatever  the  mechanism  of  pro- 
duction of  these  antibodies,  we  may  assiase,  that  some  cells  res- 
pond differently  than  others.  Some  cells,  for  example,  which  do 
have  receptors  could  be  repressed  and  the  others  could  proliferate 
selectively. 

There  are  at  least  two  possible  mechanisms  to  explain  how  these 
antibodies  are  produced.  One  explanation  could  be  that  we  have  in 
the  arterial  wall  an  active  degradation  process  producing  the  anti- 
gens continuously.  At  that  time  (294) 
Possible  Role  we  had  to  assume  the  presence  of  an  elas- 

of  Platelets  tase  distinct  from  a pancreatic  elastase. 

The  best  candidates  were  the  platelets. 
And,  as  a matter  of  fact,  we  could  isolate  and  purify  a platelet 
proelastase  which  is  activated  to  ar.  elastase  (196,  277).  This 
enzyme  could  really  responsible  for  the  degradation  of  elastic 
tissues.  But,  -s  the  "thrombogenie  theory"  was  already  not  too 
popular  at  that  time  and  as  we  had  very  good  friends  in  the  plate- 
let field,  we  had  to  find  another  explanation.  And  this  explana- 
tion, now  that  I see  the  work  of  Drs.  Bjorkerud  and  Minick,  starts 
to  make  sense  to  me.  Because  really  what  we  admitted  at  that  time 
(178)  was  that  the  platelet  would  come,  adhere  to  a "site"  of  the 
intima,  inject  its  enzymes  and  go  away.  A "hit  and  run"  theory 
in  a way.  In  order  to  assign  an  importance  to  such  a mechanism 
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it  should  have  a certain  frequency.  My  question  to  Drs.  Bjorkerud 
and  Minick  was  whether  it  seems  possible  or  not  after  the  experi- 
ments that  they  have  done  to  make  a quantitative  estiaatlon  of  the 
frequency  with  which  such  an  event  could  occur  froa  age  zero  to 
age  X.  If  this  frequency  would  be  high  enough,  then  naturally 
this  platelet  elastase  could  contribute  significantly  to  the 
degradation  of  elastin.  The  peptides  produced  could  not  be  recog- 
nized as  "te If"  and  then  the  lyaphocytes  could  produce  antibodies 
which  would  react  with  those  cells  synthesizing  elastin  and  produce 
a selective  depression  (or  a selective  proliferation)  of  certain 
cell  types. 

More  recently  we  had  to  consider  a different  theory  for  reasons 
I really  do  not  have  t ime  to  go  into.  And  that  was.  really  started 
by  our  aging  studies  (281).  This  other  possibility  is  the  "de- 
repression"  of  "forbidden  clones".  Uould  "aging"  produce  anti- 
bodies toward  "self"  type  of  constituents  such  as  elastin,  and 
then  these  antibodies  be  adsorbed  to  the  elastic  fiber  or  to  other 
constituents  (mainly  to  cell  constituents)  and  trigger  the  above 
Mentioned  selective  proliferative  mechanism.  What  makes  it  im- 
portant to  speculate  along  different  lines  is  that  we  could  never 
find  a proportionality  between  the  antigenicity  of  the  aorta  con- 
stituents and  the  frequency  of  lesions  we  could  Induce  in  rabbits. 
For  instance,  elastin  which  is  a miserable  antigen  (it  gives  a 
titre  of  1/8  to  1/iCOO  maximum  by  passive  hemagglutination),  in- 
duces nearly  100Z  lesions.  The  structural  glycoprotein  fraction 
of  aorta  which  is  a relatively  good  antigen  can  give  passive  hemag- 
glutination titres  up  to  10,000  but  induced  only  about  30Z  of 
lesions  if  we  Injected  it  with  Freund's  adjuvant  into  rabbits. 

7nd  the  1M  CaClj-soluble  protein  fraction  of  aorta  which  has  at 
least  twenty  different  constituents  (by  double  diffusion)  gives 
titres  of  up  to  10“ ^ at  least  but  gives  maximally  about  20Z  les- 
ions (276).  So  we  have  an  Inverse  relationship  between  inmuno- 
genicity  and  the  frequency  of  the  lesions  produced.  Therefore, 
the  best  explanation  we  coutd  offer  is  a metabolic  effect  on  some 
smooth  muscle  cells  exhibiting  a selective  sensitivity  to  some 
f types  of  antibodies  such,  for  Instance,  as  antl-elastin  anti- 
bodies. 

DR.  SIHAPtUS:  The  most  important  layer  and  origin  of  smooth 

muscle  cells  of  the  vessel  wall  is  the  tunica  media.  Function 

and  disturbance  of  function  of  these 
Peculiarity  of  smooth  muscle  cells  are  of  great  inter- 

Coronarv  Arteries  est.  In  his  paper  delivered  at  the 

Chicago  Symposium  in  1969  (6),  Adams 
has  pointed  out  that  the  accumulation  of  lipids  (mainly  choles- 
terol and  cholesterol  esters)  in  the  Intlma  depends  on  a disturb- 
ance of  removal  from  the  vessel  wall  through  the  media.  Accord- 
ing to  Dr.  Adams'  observations  qualitative  and  quantitative  histo- 
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chalcil  evidence  ihom  thee  enzynes  concerned  with  arterial  aerobic 
energy  production  decrease  in  the  middle  and  inner-middle  parts  of 
the  human  tunica  media  with  advancing  age.  In  a previous  publica- 
tion (8)  Adams  has  pointed  to  the  support  for  this  theory  by  the 
observation  that  lipid  Mis  deposited  in  the  inner,  but  not  in  the 
outer  layers  of  the  tunica  media  in  atherosclerotic  human  arteries 
i.e.,  on  the  inner  side  of  the  mid-medial  barrier." 

This  may  be  right  in  the  aorta,  which  was  investigated  by 
Adams.  On  the  contrary  in  the  coronary  arteries  the  deposition 
of  lipids  is  not  limited  to  the  inner  layers  of  the  media,  but 
extends  very  often  throughout  its  whole  thickness  (Fig. 183).  In 
addition,  Brundel  as  a number  of  our  tean  has  shorn  (50)  that  in 
the  coronaries  there  is  zeally  no  difference  of  enzyme  activity 
in  the  layers  of  the  normal  tunica  media. 


Following  these  observations  there  *eens  to  be  no  proven  basis 
for  a general  theory  in  -he  seise  ol  Adams',  though  he  is  surely 
right  in  the  assumptlc-a  that  lack  of  removal  of  lipids  is  a very 
important  mechanism  of  lipid  accumulation  In  the  intina. 


1 suppose  rhat  the  removal  of  lipids  in  the  coronaries  and  in 
other  arteries  of  the  muscular  type  depends  on  other  conditions, 
perhaps  on  the  elasticity  of  the  vessel  wall.  By  this  way  it  would 
be  possible  to  partly  explain  decreeing  removal  with  advancing 
age. 

Oft.  ADAMS:  I think  this  is  a very  interesting  paper  that 

Professor  Sinapius  has  read.  1 have  only  got  a few  cosaents  to 

make.  A particular  factor  is  only  one 
The  Consequences  among  many  in  atherogenesis,  and  I only 

of  Hypoxia  put  hypoxia  as  one  among  a number  of 

factors.  It  is  well  established  that  in 
the  human  aorta  that  the  middle  and  inner  media  get  hypoxic  (1,  429X 
This  has  been  confirmed  recently  in  the  inner  media  of  rabbit  aorta 
by  micro-electr >de  studies  (240).  The  Inasan  coronary  artery  seems 
to  develop  a lesser  degree  of  hypoxia  (8),  and,  of  course,  this 
would  be  consistent  with  what  Sinapius  has  been  saying.  I have 
one  further  comment  .o  make  which  is  in  line  with  what  Tibor  Zem- 
plenyl  was  showing  yesterday.  The  packing  of  a cell  with  fat  - 
such  as  we  saw  in  some  of  Sinapius’  pictures  - is,  of  course  a 
characteristic  of  hypoxic  cells,  although  histological  appearances 
do  not  necessarily  prove  that  it  is  hypoxia. 

DR.  GftOSCHEL- STEWART:  One  of  our  medical  students  (333)  found 

in  blood  samples  of  patients  with  thrombotic  disease  of  the  arter- 
ies (taken  pre-  and  post-operatlvely)  an  antigen,  that  reacted 
with  our  antibody  against  smooth  muscle  actomyosln.  We  can  only 
speculate  about  the  origin  of  this  antigen.  It  may  come  from 
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severed  endothelial  cells  or  throabocytes,  from  the  plaques  des- 
cribed by  Drs.  Becker  and  Knieriea,  or  from  the  vascular  smooth 
muscle  cell  itself.  We  do  not  know  if  these  patients  eventually 
formed  auto-antibodies  against  these  circulating  antigen  . 

DR.  KN1ERIEM:  I just  want  ti.  make  a comment  on  Dr.  Benditt's 

paper  (25)  from  the  view  of  a general  pathologist,  this  woik 
should  be  repeated  by  other  groups.  1 think  viM  certainly  be 
done.  If  the  disease  process  of  atherosclerosis  would  be  rv3lly 
only  focal,  it  might  be  true.  But  when  we  are  studying  athero- 
sclerotic lesions  in  the  human  aorta  as  well  as  in  the  coronary 
arteries  and  measure  them  continuously  on  serial  sections  (110, 

186,  217)  we  find  the  plaque-like  lesions  embedded  within  diffuse 
intimal  thickenings  which  are  progressing  with  age.  By  measuring 
human  aortas  and  coronary  arteries  we  could  prove  that  diffuse 
thickening  of  the  intima  precedes  later  plaque  formation.  On  the 
other  hand.  Dr.  Benditt  could  not  prove  that  diffuse  intimal  thick- 
ening is  just  caused  by  one  clone  of  cells.  Therefore,  using  com- 
mon sense  I don't  believe  that  Benditt's  theory  will  fit  for  all 
atherosclerotic  processes. 

DR.  ~£E:  I am  leaving  for  a moment  Dr.  Vlssler's  problem  and 

am  picking  up  for  a moment  Dr.  Benditt's  problem.  Someone  nen- 
tloned  earlier  that  because  of  the  diffuseness  of  the  arterioscle- 
rotic lesion,  it  is  difficult  to  imagine  that  a monoclonal  or  sin- 
gle cell  could  produce  such  large  diffuse  lesions.  I don't  think 
Dr.  Benditt  claimed  that  the  diffuse  lesion  Is  from  a single  cell. 
If  I remember  correctly  there  could  be  five  or  six  different  focal 
regions,  each  focal  region  being  cither  A or  B type,  and  when  they 
coalesce  later,  you  would  probably  see  a mixture  of  A and  B types. 
But  in  any  case,  we  are  Interested  enough  in  this  problem  so  that 
I have  arranged  to  get  aortas  from  blacc  females  row  Howard  Uni- 
versity in  Washington,  D.C.,  and  also  aortas  from  Nigeria,  Africa  - 
black  females  there  in  whom  advanced  lesions,  usually  do  not  devel- 
op. For  some  reason  their  atherosclerotic  lesions  usually  stop  at 
a certain  level  and  do  not  go  on  to  the  occlusive  or  infarct- 
producing  lesiois.  We  should  be  able  to  confirm  or  disprove  this 
theory  in  the  near  future. 

Now,  from  another  standpoint,  it  is  important  to  know,  or  at 
least  interesting  to  know,  whether  the  cells  in  the  lesion  are 
coming  from  the  in  situ  intimal  cells  proliferating  in  that  parti- 
cular location  or  coming  by  migration  from  the  media.  Dr.  Adams 
referred  to  this  briefly  a little  while  ago.  It  is  not  known  at 
the  moment.  We  are  planning  to  do  an  experiment  to  ar.awer  this 
question,  at  least  in  experimental  animals.  We  will  label  the 
fraction  of  arterial  cells  in  the  animal  in  vivo  with  thymidine 
with  a pulse  at  the  outset  of  the  experiment.  We  are  using  swine 
as  you  know.  We  would  wait  for  two  or  three  months  for  a certain 


number  of  lesions  to  develop  in  the  aortas  of  these  swine.  After 
three  months  or  so  when  we  are  certain  the  lesions  are  present  we 
sacrifice  the  animal  and  autoradiographs  of  the  aorta  will  be  made. 
In  the  past,  we  designed  a method  to  ascertain  how  many  generations 
these  cells  had  gone  through  by  counting  the  number  of  grains.  I 
will  not  go  into  details  of  this  method,  but  if  we  study  the  label- 
led cells  in  the  media  we  should  be  able  to  tell  how  many  divisions 
these  cells  have  gone  through.  If  most  of  the  cellB  in  the  lesion 
moved  up  from  the  media  their  number  of  grains  or  their  generation 
should  be  similar  to  the  cells  in  the  media.  But  as  Dr.  BendiLt 
says,  if  the  cells  within  the  lesion  multiply  many  times  to  produce 
a lesion,  then  the  number  of  grains  should  be  totally  different 
from  those  seen  in  the  media.  When  we  complete  thiB  experiment 
we  should  be  able  to  know  a little  more  about  the  movement  of  cells, 
and  the  location  of  proli:  ration. 

DR.  SCHWARTZ:  I would  like  to  ask  a question  relating  to  the 

concept  of  mono-clonal  growth  in  this  situation  and  address  it  to 

the  group  as  a whole.  Specifically, 
Criteria  for  Mono-  under  what  conditions,  or  with  what  tech- 

Clonal  Origin  niques  can  one  establish  the  mono-clonal 

nature  of  a cell  population?  Is  indeed 
the  demonstration  of  an  isozyme  an  adequate  demonstration  of  the 
mono-clonal  nature  of  the  cells?  What  are  the  statistics  involved 
in  mono-clonal  growth?  Does  this  imply  that  the  cells  are  trans- 
formed and  perhaps  might  behave  like  smooth  muscle  tumor  cells? 

Does  this  -oncept  have  any  implications  in  regard  to  the  plating 
efficiency  of  cells  in  culture  and  the  number  of  passages  that 
might  be  obtained  in  tisrue  culture.  I believ1  v?  need  to  know 
more  about  the  definitive  demonstration  of  mono- clonality  in  cell 
populations  before  one  can  accept  this  hypothesis  as  it  stands  at 
the  moment. 

DR.  ZEMPLENYI:  I do  not  think  that  from  -he  isoenzyme  pattern 

only,  without  genetic  considerations,  one  could  answer  these  ques- 
tions. The  problems  involved  are  more  of  a genetic  than  enzymolo- 
gic  nature.  The  fact  that  the  gene  for  glucose-6-phosphate  de- 
hydrogenase is  located  on  the  X chromosome,  and  that  a small  pro- 
portion of  black  women  are  heterozygotes  for  the  A and  B isoenzymes, 
was  very  successfully  utilized  for  the  demonstration  of  the  mono- 
clonal origin  of  3ome  uterine  tumors  and  chronic  granulocytic  leu- 
kemia. Benditt's  demonstration  of  the  monoclonal  origin  of  human 
atherosclerotic  plaques  is  extremely  Interesting  and  provocative 
but  is  based  on  findings  in  three  women  only  and  evident ly  more 
data  ari  needed. 


Additionally,  I would  like  to  underline  the  remark  made  by  Dr. 
McGill,  namely  that  In  all  consideration  of  the  genesis  of  athero- 
sclerosis one  has  to  pay  attention  to  the  focal  distribution  of 
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the  lesions  and  search  for  the  causes  of  this  distribution.  Hemor- 
rheologic  factors  pity  without  doubt  a great  role  in  this  regard  and 
two  participants  of  this  symposium,  Dr.  Werthessen  and  Dr.  Rodbard, 
were  among  the  first  investigators  studying  some  of  these  factors. 
Recently  an  excellent  mathematician  and  a physicist  from  the  Jet 
Propulsion  Laboratory  joined  the  efforts  of  our  group,  lead  by  Dr. 
Blankenhom,  to  elucidate  Borne  of  the  related  factors.  Dr.  Lloyd 
Back  from  the  JPL  carried  out  a theoretical  analysis  of  molecular 
oxygen  and  lipoprotein  transport  from  blood  to  arterial  wall.  It 
was  based  upon  conservation  principles  of  diffusion  and  fluid  dy- 
namics for  steady  boundary  layer  laminar  flow  in  arteries  with 
irregular  walls,  in  regions  of  decelerated  flow  and  flow  separa- 
tion the  analysis  predicts  decreased  oxygen  transport  whereas  in 
identical  regions  an  increased  lipoprotein  deposition  is  predicted. 

; Furthermore,  a similar  analysis  dealing  with  the  fate  of  platelets 

t was  also  performed.  In  this  connection  we  have  to  remember  that 

f platelets  can  contribute  to  the  focal  distribution  of  atheroscler- 

; osis  because  it  was  repeatedly  demonstrated  that  they  can  damage 

the  artery.  One  of  the  damaging  agents  could  be  elastase  which 
was  shown  by  Barbara  Robert  and  coworkers  to  be  contained  in  plate- 
lets (277). 

My  second  comment  or  rather  question  deals  with  the  previous 
discussion  of  Colin  Adams  in  connection  with  the  reticulo-endothel- 
ial  system.  It  was  shown  by  several  investigators,  especially  by 
Jansco,  that  histamin*  is  an  activator  of  the  RES  (162).  As  far 
as  arteries  are  concerned,  the  mast  cellB  are  the  only  source  for 
nistamine  and  they  appear  to  have  a focal  distribution.  Is  it  not 
possible  that  the  absorption  of  lipids  - which  is  according  to 
Adams  not  the  same  in  arteries  as  in  other  places  - may  be  connect- 
ed with  the  focal  availability  of  histamine? 

DR.  BJORKERUD:  I would  like  to  make  a comment  to  Dr.  Robert's 

suggestion  here.  There  is  a relationship  in  this  experimental 

model  system  between  the  absence  of  endo- 
Deficiency  of  Elastin  thelium  and,  as  it  seems,  a deficiency  for 
Mawr  Formation  in  Athero-  the  formation  of  elastic  fibers  (36).  In 

sclerotic  Sites  non-atheroBclerotic  lesions  induced  with 

mechanical  trauma  well-developed  elastic 
fibers  and  lamina  are  formed  in  the  intimal  thickening  overlying  the 
injured  site.  In  the  atherosclerotic  type  of  lesions  there  are  no 
large  mature  elastic  fibers  or  lamellae  but  only  small  fragments 
of  elastic  material.  We  have  been  inclined  to  think  that  this  may 
reflect  a poor  metabolic  condition  of  the  smooth  muscle  cells  in 
the  atherosclerotic  tissue  which  could  prevent  the  formation  of 
mature  large  elastic  fibers  or,  alternatively,  that  the  conditions 
in  the  extracellular  space  of  the  atherosclerotic  tissue  prevented 
elastic  fiber  formation  (185). 
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However,  it  is  possible  that  increased  breakdown  of  elastin  by 
the  mechanism  proposed  by  Dr.  Robert  could  be  responsible  for  the 
defi-iency  of  elastin  fibers  and  lamellae  in  the  atherosclerotic 
tissue. 

OR.  W1SSLER:  1 think  what  Dr.  Fisher-Dzoga  was  trying  to  dem- 

onstrate was,  that  under  the  condition  of  the  primary  explant  being 

in  a stationary  phase,  proliferation  sti- 
Special  Characteristics  mulated  by  low  density  lipoprotein  appli- 
of  Hyper-lipemic  Serum  cation  was  due  to  clones  of  cells  respon- 
ding. We  have  recently  carried  this  into 
the  rabbit  sub-culture  in  terms  of  what  chemical  changes  are  going 
on.  Once  again  we  have  the  same  kind  of  phenomenon.  We  are  study- 
ing cells  that  are  grown  in  a confluent  monolayer  for  two  weeks. 

Dr.  Chan  who  haB  been  working  with  Caddy  and  myself  has  been  doing 
this  work,  and  1 will  report  it  very  briefly.  He  c!*o  finds  that 
with  hyperlipemic  serum  he  gets  much  more  lipid  uptake  than  with 
normal  serum  although  there  is  some  lipid  visible  in  normal  serum 
cultures  also.  These  lipid  droplets  are  present  as  droplets  that 
probably  still  have  some  of  the  lipoprotein  characteristics.  After 
these  cells  are  incubated  with  various  kinds  of  serum  or  with 
fractions  of  serum  he  does  analyses  that  include  cholesterol  ester, 
triglyceride,  free  fatty  acid,  diglyceride  and  phospholipid  and  so 
forth. 

The  plan  of  these  experiments  is  to  incubate  in  concentrations 
of  serum  that  go  from  52  to  402  normal,  normal  serum  and  52  to  102 
hyperlipemic  serum  in  order  to  get  an  overlap  between  the  amount  of 
lipid  and  cholesterol  present  in  the  cultures  incubated  with  normal 
serum  and  with  hyperlipemic  serum.  With  hyperlipemic  serum,  one 
gets  an  accumulation  of  free  cholesterol  and  cholesterol  esters 
which  one  cannot  match  even  with  402  normal  serum.  Any  dilution 
of  hyperlipemic  serum  leads  to  a rathe"'  remarkable  and  prompt 
accumulation  of  cholesterol  esters  in  the  cells  that  are  essentially 
stationary  and  confluent  in  two  weeks.  This  simply  shows  that  the 
main  lipids  which  are  accumulating  with  very  low  concentrations 
of  hyperlipemic  serum  are  cholesterol  and  cholesterol  esters.  The 
phospholipid  does  not  change  very  much  at  all.  The  triglyceride 
goes  up  intermediately.  If  one  fractionates  the  serum  and  incub- 
ates with  low  density  lipoprotein,  very  low  density  versus  high 
density,  then  the  main  accumulation  of  cholesterol  and  cholesterol 
ester  in  these  cells  is  either  at  twelve  hours  or  at  36  hours. 

The  low  density  lipoproteinB  from  hyperlipemic  serum  seems  to  have 
c«  effect  that  cannot  be  duplicated  by  the  low  density  lipoprotein 
from  normal  serum.  The  evidence  at  present  suggests  that  there  is 
a lot  of  movement  on  to  the  cell  of  cholesterol  ester  and  out  of 
the  cell  of  free  cholesterol  and  there  must  be  breakdown  of  chol- 
esterol este'  to  free  cholesterol  vithir  the  cell. 
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In  summary,  cells  grown  in  either  2 or  20%  normal  serum  have  a 
similar  lipid  pattern  but  when  very  small  quantities  of  hyperlipemic 
serum  are  added,  there  is  a remarkable  increase  of  both  free  chol- 
esterol and  of  cholesterol  esters;  this  despite  the  fact  that  the 
lipids  are  about  the  same  in  the  medium  with  20%  normal  serum  as 
they  are  in  2%  hyperlipemic  serum.  The  lipids  are  liberated.  The 
cells  incubated  in  high  density  lipoproteins  show  a greater  increase 
in  triglycerides,  and  those  in  LDL  have  the  highest  increase  in 
free  cholesterol  and  cholesterol  esters. 


DR.  WERTHESSEN:  Are  you  implying  that  this  effect  is  due  to  a 

special  property  of  the  cell? 

DR.  WISSLER:  No,  we  think  there  is  something  triggering  the 

accumulation  of  lipid  in  the  low  density  lipoprotein  molecule  from 
hyperlipemic  serum  that  is  not  present  in  the  low  density  lipopro- 
tein molecule  from  normal  serum.  This  seems  to  be  a similar  pheno- 
menon to  the  one  Dr.  Fisher-Dzoga  reported  in  whicn  something  in 
hyperlipemic  low  density  lipoprotein  triggers  proliferation  that 
cannot  be  duplicated  by  normal  serum.  It  might  be  what  is  stimu- 
lating mono-clonal  proliferation  if,  indeed,  that  occurs  as  Dr. 
Benditt  suggests. 

DR.  STEIN;  inis  is  a question  to  Dr.  Fisher-Dzoga  and  Dr. 
Wissler.  I admired  the  beautiful  presentation  and  the  slides  of 
ur.  Fisher-Dzoga  and  was  struck  by  the  Immense  response  to  LDL  in 
the  hyperlipemic  serum  and  the  inability  to  show  HDL  in  these  cells. 
I wonder  if  this  was  not  due  to  two  factors.  One  of  them  is  that 
in  the  hyperlipemic  serum  you  usually  get  a tremendous  increase  of 
LDL  and  a decrease  of  HDL.  Two,  it  is  well  known  that  in  the  rab- 
bit the  antigenic  response  to  LDL  is  far  greater  than  it  is  to 
HDL.  This  may  be  a technical  problem. 

DR.  FISHER-DZOGA:  In  our  hands  HDL  seemed  to  elicit  good  anti- 

bodies as  demonstrated  by  iramunoelectrophoresis  but  we  should  be 
able  to  get  some  more  coated  ones,  possihlv  from  Dr.  Scanu  who  is 
making  antibodies  against  different  apoprotein,  fractions  three  and 
four. 


DR.  DAOUD:  1 would  like  to  comment  on  Dr.  Wissler's  study. 

This  effect  of  hyperlipemic  serum  is  a lasting  effect  because  in 
one  of  our  studies  in  tissue  culture  we  took  an  explant  from  a 
hyperlipemic  animal  and  grew  it  in  normal  serum.  Even  so  after 
nine  days  these  cells  still  synthesized  DNA  at  a much  higher  rate 
than  explants  from  r.ormolipemic  animals. 


DR.  WIGHT:  1 would  like  to  direct  this  question  to  Dr.  Wissler 

and  Dr.  Fisher-Dzoga.  Is  the  uptake  and/or  accumulation  of  free 
and  esterified  cholesterol  specific  for  smooth  muscle  cells  in 
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culture  or  do  other  cell  types  in  culture  also  accumulate  these 
lipids? 

DR-  FISHER-DZOGA:  Dr.  Chan  has  some  results  with  L cells  and 

with  skin  fibroblasts.  He  found  that  smooth  muscle  cells  take  up 
more  under  comparable  conditions. 

DR.  LEE:  I would  like  to  introduce  you  to  some  of  the  methods 

we  have  been  using  to  produce  atherosclerotic  lesions.  Yesterday 
we  spent  many  hours  discussing  the  endothelial  cells  and  their 

function,  and  their  possible  relation^ 
Endothelial  Injury  ship  to  the  development  of  the  lesion. 

We  learned  a technique  from  Dr.  Spaet 
and  his  colleagues  in  Sew  York  City  in  which  endothelial  cells 
are  denuded  by  introducing  a Fogarty  balloon  catheter  in  the  aorta 
or  coronary  artery  and  filling  it  with  water  or  air,  and  then  pul- 
ling this  balloon  up  and  down  a few  times.  With  this  method  we 
should  be  able  to  denude  most  of  the  endothelial  cells,  leaving 
little  damage  to  the  underlying  structure.  When  this  procedure 
was  combined  with  high  cholesterol  diet,  rather  extensive  athero- 
sclerotic lesions  developed  within  a few  months.  However,  when 
we  used  regular  consnercial  pellets,  tne  lesions  were  minimal;  no 
lipids  were  present  in  the  lesions. 

The  following  figures  illustrate  the  results  we  have  obtained 
with  this  technique.  Fig. 184  from  a svine  fed  a high  cholesterol  ** 
diet  for  six  months  after  balloon  denudttion  shews  you  the  kind 
of  lesion  obtained  six  months  after  this  proced-.re.  Thick  necro- 
tic calcific  lesions  covered  the  entire  surface.  These  proced- 
ures have  proved  to  be  useful  for  production  of  lesious  in  various 
stages  for  regression  or  metabolic  studies.  This  technique  is 
advantageous  over  diet  alone  because  we  can  produce  lesions  much 
faster  and  somewhat  more  uniformly.  Fig. 185  shows  the  lesion  pro- 
duced in  coronary  arteries.  Only  the  left  circumflex  branch  was 
ballooned  and  the  swine  was  fed  a high  cholesterol  diet.  The  lumen 
was  found  to  be  almost  occluded  with  extensive  atherosclerotic 
lesions,  with  calcification  and  necrosis.  This  type  of  lesion  can 
be  produced  within  three  months  and  frequently  these  swine  die 
suddenly.  In  previous  studies,  we  found  that  the  cause  of  sudden 
death  of  swine  with  revere  atherosclerotic  lesions  was  ventricular 
fibrillation  and  we  think  the  ballooned  swine  are  also  dying  from 
cardiac  arrhythmias  when  they  die  suddenly. 

Fig. 186  shows  extensive  myocardial  infarction  of  one  of  these 
ballooned  swine.  This  model  snould  be  appropriate  for  studies 
where  ischemic  heart  disease  is  needed  and  also  would  be  an  excel- 
lent model  for  coronary  by-pass  surgery. 

I would  like  now  to  sutaaarize  briefly  what  1 have  presented 
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Figure  ItS:  Low  power  photomicrograpE  of  the  left  ooronarv  arteries.  The  artery  on  the  ri^u  is 
the  left  ciroanflex  coronary  artery  and  the  one  on  the  left  is  the  left  anterior  descending  coronary 
artery.  Only  the  left  circumflex  branch  has  been  ballooned  and  the  wwne  was  fed  a high  cholesterol 
diet.  The  lumen  i almost  occluded  with  extensive  atherosclerotic  lesions  with  necrosis  and 
calcification. 


Figure  IRS:  Anterior  view  of  heart  of  swne  fed  a high  cholesterol  diet,  and  ballooned  both  left 
anterior  descending  and  Circumflex  coronary  arteries  drawing  extensive  acute  myocardial  mfaiction 
with  aneurysmal  dilatation. 
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in  Berlin.  In  collaboration  with  Dr.  Werthessen  we  have  studied 
the  necrogenic  etfect  of  a methanol  extract  of  commercially  avail- 
able crystalline  cholesterol.  For  the 
Injury  from  Oxidation  study  of  an  acute  effect  of  the  methanol 

Products  of  Cholesterol  extract,  250  mg.  per  kg.  body  weight  of 

the  methanol  extract  vas  given  to  rabbits 
by  gastric  tubing.  Within  18  hours  focal  necrosis  and  degeneration 
of  aortic  smooth  muscle  cells  were  evident  (Fig. 137)  and  the  extent 
increased  after  repeated  administration  of  the  extract.  In  a long- 
t er  term  study  a total  dosage  of  one  gm.  over  five  weeks  produced 

non-fatty  proliferative  lesions.  It  is  interesting  to  note  that 
un’ike  the  usual  cholescerol-induced  lesions  in  rabbits  these  pro- 
liferative lesions  did  not  contain  foam  cells  but  consisted  mainly 
of  proliferating  modified  smooth  muscle  cells  and  collagen.  The 
control  rabbits  given  equal  quantities  of  pure  cholesterol  showed 
no  such  response.  Therefore  our  findings  suggest  that  the  necrosis 
observed  when  cholesterol  is  used  in  dietary  experiments  cannot  be 
attributed  to  it,  but  rather  to  contaminants,  presumably  oxidation 
products. 

D&.  BOWYE&:  Hay  1 add  to  the  record  twc  other  ways  for  remov- 

ing endothelium.  The  first  is  with  EDTA  (341)  which  can  be  used 
in  an  isolated  arterial  segment  and  the  second  is  by  production  of 
anaphylaxis  (428). 

DR.  KNIERIEM:  Finally,  I would  like  to  comment  on  the  possibi- 

lities of  studying  proliferations  of  smooth  muscle  cells  (115,  185, 

187,  188,  425).  This  will  be  an  addition- 
Endothelial  Injury  al  comment  to  the  remarks  of  Dr.  Lee. 

and  Repair  As  you  know.  Dr.  ojorkerud  has  developed 

a fancy  device  to  produce  two  different 
types  of  mechanical  injury  of  the  aorti-  wall  in  rabbits  (36,  37) 
which  he  called  the  longitudinal  and  the  transverse  injury.  Re- 
ferring to  his  illustrations  I want  to  show  one  lesion  from  a long- 
itudinal injury  (Fig. 188)  and  one  of  the  diffuse  intimal  thicken- 
ing after  transverse  injury.  But  I would  like  to  restrict  my 
coamen,.  to  the  ultrastructural  properties  of  the  proliferating 
smooth  muscle  cells  in  these  lesions. 

Three  weeks  after  transverse  injury  we  could  observe  aistinct 
layers  of  proliferated  smooth  muscle  cells  within  the  thickened 
intima  (Fig. 188a).  Even  seven  and  thirteen  weeks  later  the  dif- 
ferent layers  of  proliferated  cells  are  st  .11  recognizable  (Fig. 

188b  and  c).  In  some  of  the  lesions  the  proliferated  smooth 
muscle  cells  were  covered  by  endothelial  cells  with  a very  edema- 
tous cytoplasm  containing  only  a few  mitochondria.  The  next  fig- 
ure (Fig. 189)  demonstrates  how  some  lesions  were  uncovered  by  new 
endothelium.  The  irregularly  arranged  smooth  muscle  cells  exhibit 
a very  prominent  endoplasmic  reticulum.  Between  these  prolifer- 


Figure  1*7.  This  ii  a tow  power  electron  microgiaoh  from  the  aorta  of  a rabbit  killed  18  hour*  after 
administration  by  mouth  of  2S0  mg\g  body  weight  of  the  methanol  extract  of  crystalline 
cholesterol  Suggestions  of  fusiform  densities  and  myofilaments  are  seen  in  places  but  the 
cytoplasmic  boundary  is  vague  There  are  a number  of  dense  bodies,  focally  distended  perinuclear 
cistern  and  a collection  of  vesicles  possibly  the  remnant  of  the  Golgi  or  endoplasmic  reticulum  The 
nucleus  shows  typical  pyknotic  degeneration  x 18.000 
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Figere  Itt:  Semithin  section*  of  intimal  lejiont  following  the  induction  of  a superficial  injury  with 
large  area  after  3 week*  (a)  7 week*  (bl  and  13  weeks  (d.  The  intimal  thickening*  have  2 or  3 
distinct  layer*  of  proliferated  smooth  muscle  cell*.  l-lumen,  IEM  ■ internal  elastic  membrane,  M - 
media,  x ?» 
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ated  cells  you  can  see  wide  gaps  by  Dr.  Bjorkerud's  scanning  elec- 
tron microscopy.  The  next  picture  (Fig. 190*  demonstrates  three 
and  seven  weeks  after  injury  we  found  numerous  proliferated  smooth 
muscle  cells  oriented  circumferentially,  and  large  amounts  of  colla- 
gen fibers  and  groundsubstar.ee  within  the  extracellular  space.  At 
the  basal  layers  of  these  lesions  the  smooth  muscle  cells  were  of 
a more  oval  or  round  shape  and  not  as  elongated  as  in  the  super- 
ficial layers.  But  still  these  -ells  contain  increased  rough  endo- 
plasmic reticulum,  and  within  the  extracellular  space  also  Immature 
elastin.  Only  a few  scattered  foam  cells  were  found  in  th.se  les- 
ions of  normolipemic  rabbits.  Some  cells  contain  hemosiderin  gran- 
ules and  other  small  lipid  droplets  (Fig. 191).  Several  weeks  later 
the  lesions  showed  a decrease  in  cellularity,  and  thirteen  weeks 
after  injury  we  found  much  more  immature  elastic  matrix  and  increa- 
sed collagen  fibers  (Fig. 192a).  Finally  small  foci  of  microcalcif- 
ications occurred  in  the  older  lesions  (Fig. 192b). 

DR.  LINDNER:  Dr.  Lee,  I chink  the  extent  of  the  damage  you  are 

doing  with  the  balloon  technique  includes  some  destruction  of  sub- 

endothelial  structures.  You  showed  a 
Effects  of  Mechanical  coronary  artery  with  a small  lumen  and 
Injury  a greatly  thickened  wall  composed  partly 

of  concentrically  arranged  collagen  fibers. 
I would  make  the  diagnosis  of  the  final  stage  of  arteritis  without 
knowing  what  you  had  done. 

DR.  LEF:  I don’t  understand  why  you.  Dr.  Lindner,  would  like 

to  consider  it  as  the  final  stage  of  arteritis  except  in  the  broad 
sense  that  any  reaction  to  injury  is  inf lammation.  The  ballooned 
cornonary  artery  in  Fig. 185  showed  an  extensive  atherosclerotic 
lesion  leaving  only  a narrow  slit-like  lumen.  The  lesion  consisted 
mainly  of  modified  smooth  muscle  cells  and  foam  cells  with  focal 
necrosis,  hemorrhage  and  calcification.  No  more  inflammatory  cells 
were  present  than  in  lesions  produced  by  diet  alone, 

DR.  LINDNER:  <*ut  you  see  if  you  have  a really  mechanical  lesion 
on  the  vessel  you  naturally  will  find  all  types  of  hematogenic 
cells  in  the  repair  process  of  the  vessel  wall.  You  are  seeing 
other  connective  tissues,  including  granulation  tissue,  after  mech- 
anical lesions.  The  process  is  like  that  seen  after  surgical  les- 
ions or  inflammatory  vascular  disease  rather  than  being  character- 
istic of  the  atherosclerotic  process. 

DR.  LEE:  Well,  may  i point  out  another  fact.  Dr.  Lindner. 

As  I mentioned  earlier,  when  a regular  commercial  mash  diet  was 
given  to  these  swine  after  ballooning  the  artery,  only  minimal 
lesions  developed  without  foam  cells,  hetwwrhage  or  necrosis.  In 
other  words,  unless  a high-fat,  high  cholesterol  diet  was  given 
concurrently  with  the  ballooning  the  effect  of  the  mechanical  in- 
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suit  was  minimal.  Thus  it  is  difficult  to  imagine  that  the  exten- 
sive lesion  produced  by  "he  combined  procedure  is  only  the  result 
of  trauma. 

DR.  SMITH:  1 think  really  we  are  verv  much  on  the  same  lines. 

I do  think  that  the  point  you  raised  about  difference  in  different 
regions  is  of  extreme  importance  and  that  one  can  only  usefullv 
approach  this  sort  of  work  by  direct  comparison  between  normal 
intima  and  atherosclerotic  lesions  which  are  in  the  same  vessel 
and  as  close  together  topographically  as  possible.  Trying  to  com- 
pare different  subjects  and  different  ages  one  runs  into  trouble. 
Whatever  the  analysis  ^ne  must  try  to  do  it  in  relation  to  its 
own  standard  within  the  same  vessel. 

DR.  LINDNER:  I think  I said  that  this  picture  1 showed  parti- 

cularly with  incorporation  rates,  showed  some  plaques,  and  the 
normal  w.is  exactly  that  which  you  have  spoken  about  from  the  same 
vessel  walls,  unchanged  parts,  and  only  then  can  you  compare.  1 
absolutely  agree  with  you. 

DR.  WERTHES3EN:  That  is  wonderfil,  to  find  two  people  in 

agreement. 

DR.  DAY:  Mr.  Chairman,  if  I can  comment  on  the  earlier  paper 

of  Dr.  Lee  and  some  of  the  remarks  Dr.  Rnieriem  and  Dr.  Bjorkerud 
made  with  regard  to  injury  and  the  possible  involvement  of  plate- 
lets in  stimulating  1 tpid  metabolism  by  arterial  smooth  muscle 
cells.  Dr.  Mustard  referred,  in  the  Berliil  meeting,  to  a model 
that  was  developed  by  Sean  Moore  in  which  continued  injury  to  the 
intima  of  normal  fed  rabbits  by  indwelling  polythene  catheters  was 
shown  to  give  "ise  to  lipid  containing  intimal  lesions.  Unlike  the 
acute  injury  that  Dr.  Lee  described,  these  lesions  developed  marked 
lipid  accumulation  (230).  I do  not  propose  to  describe  the  lesions 
but  1 do  want  to  show  some  of  the  subsequent  studies  (76)  we  car- 
ried out  on  the  evolving  lipid  composition  and  metabolism  of  these 
lesions. 

1 would  emphasize  that  these  studies  were  carried  out  on  normo- 
cholesterolemic  rabbits.  Microscopically  the  main  lesion  was  a 
thrombotic  lesion  containing  many  platelets  and  with  marked  lipid 
infiltration.  We  also  studied  the  composition  of  a second  rype  of 
lesion  which  was  present  - a flat  fibrous  lesion  - and  then  com- 
pared the  composition  of  both  the  raiBed  thrombotic  lesion  and  the 
fibrous  lesion  with  that  of  the  adjacent  normal  intima.  The  free 
cholesterol,  cholesterol  ester  and  lipid  phosphorus  concentration 
of  the  -.hree  portions  of  the  intima  are  shown  in  Fig.  19  3 for  the 
three  time  intervals  studied.  At  two  weeks  both  the  free  choles- 
terol and  cholfcs'erol  ester,  hut  not  the  lipid  phosphorous  con- 
centrations of  the  raised  lesions  had  increased  markedly  compared 
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Figure  183:  Lipid  concentrations  of  normal  intima  (blank  columns)  and  of  fibrojs  (sported 
columns)  and  raised  lesions  (horizontal  line  columns)  at  2 weeks,  2 montti*.  and  4 months  after 
insertion  o*  polythene  catheters  Mear>  of  batches  with  the  S.E.M  where  applicable  are  given  This 
figure  is  based  on  dat.i  from  Day  et  al  1974b 
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with  tht  normal  intima.  By  four  months  the  cholesterol  ester  con- 
tent of  the  raised  lesion  was  many  times  that  of  either  the  normal 
intima  or  of  the  fibrous  lesion.  The  composition  of  the  cholesterol 
esters  present  in  the  raised  lesion  were  measured  by  gas  liquid 
chromatography  and  shown  to  contain  more  oleic  acid  and  less  lino- 
leic  acid  than  those  from  either  the  normal  intima  or  the  fibrous 
lesion.  Thus  development  of  the  lesion  was  associated  with  an 
increase  in  cholesterol  eBters  differing  in  composition  to  that 
of  the  normal  intima. 

We  also  carried  out  metabolic  studies  and  found  that  where 
^C-labslled  oleic  acid  was  incubated  with  the  aortas  in  vitro  that 
relatively  higher  amounts  were  incorporated  into  cholesterol  ester 
in  the  raised  lesion  than  in  the  corresponding  normal  intima  or 
the  fibrous  lesion.  It  seemed  that  platelets  which  were  present 
in  large  amounts  in  this  lesion  were  associated  with  an  increased 
diversion  of  precursors  to  cholesterol  ester  synthesis.  The  in- 
corporation of  phosphate  into  various  phospholipids  by  the 
raised  lesion  when  compared  with  the  normal  intima  and  the  fibrous 
lesion  indicated  that  the  raised  lesion  showed  a lower  relative  in- 
corporation of  32p  phosphate  into  phosphatidyl  inositol  than  did 
either  the  normal  Intima  or  the  fibrous  lesion.  In  thiB  respect 
the  lesions  produced  by  the  indwelling  aortic  catheter  resemble  1 
atherosclerotic  lesions  produced  by  cholesterol  feeding  (237).  The 
conclusion  I wish  to  suggest  is  that  changes  in  lipid  metabolism 
characteristic  of  the  atherosclerotic  lesion  produced  by  other 
agents  may  also  be  produced  bv  stimulation  of  the  Intima  by  mural 
platelet  thrombi. 

CR.  SCHWARTZ:  I would  like  to  make  a comment.  On  the  inter- 

pretation of  the  catheter  lesions,  and  I think  it  is  important  to 
recognize  that  this  is  recurrent  injury  in  which  a variable  amount 
of  thrombosis  is  present.  I think  it  is  important  to  recognize 
that  this  Is  not  a mode.'  for  the  study  of  the  evolution  of  throm- 
bus alone  and  that  there  io  a very  significant  continuous  mechani- 
cal injury  involved  in  this  as  well.  In  other  words,  it  is  a com- 
plex model  thst  involves  both  thrombosis  and  recurrent  injury  so 
I think  that  one  has  to  be  cautious. 

DR.  DAT:  I think  one  would  recognize  that  point.  However 

it  is  a thrombotic  lesion  that  is  formed  in  situ  and  1 think  there- 
fore is  more  likely  to  give  information  regarding  platelet  inter- 
actions than  data  obtained  from  injected  thrombi. 

DR.  SCHWARTZ:  I think  it  is  important  to  emphasize  that  this 

thrombus  is  only  one  component  of  the  lesions  that  are  formed  with 
this  catheter  technique  and  that  there  is  a significant  Injury 
phenomenon  which  involves  cells  other  than  platelets.  So,  I am 
not  really  referring  to  my  data  on  organizing  thrombi.  This  w.-.s 


DEVELOPMENT  Of  THE  ATHEROMATOUS  LESION 


319 


not  the  intent.  It  was  really  to  point  out  that  this  is  a complex 
model  which  involves  injury  as  well  as  thrombosis  and  one  cannot 
extrapolate  clearly  to  the  changes  which  oc'*"*'  in  organization  of 
thrombus  from  this  model. 

DR.  BOWER:  I am  sure  that  Professor  Day  would  agree  that  a 

foam  cell  is  a foam  cell  is  a foam  cell  (with  apologies  to  Stein, 
G.!)  It  is  not  surprising,  therefore,  that  we  find  certain  derange- 
ments of  lipid  metabolism  such  as  altered  fatty  acid,  phospholipid 
and  cholesteryl  ester  turnover  in  foam  cells,  however  formed. 

The  thing  that  interests  me,  however,  for  any  model  of  athcrogene- 
sis,  is  whether  there  is  a biochemical  event,  indicating  a trans- 
formation of  smooth  muscle  cells  which  can  be  detected  before  the 
establishment  of  a foam  cell.  Does  Professor  Day  have  any  consent 
on  that,  please? 

DR.  DAY:  Sot  directly.  I think  the  importance  of  this  sort 

of  situation  is  that  you  can  trace  the  events  in  the  wall.  I am 
perhaps  not  competent  to  do  this  from  the  microscopic  point  of 
view  because  I was  not  involved  in  this  stage.  But  you  can  ..race 
the  events  through  an  evolution  which  is  essentially  similar  to  the 
| sort  of  evolution  you  see  from  the  very  early  lesion  with  very 

! little  lipid  involvement  through  to  smooth  muscle  cells  which  are 

clearly  identifiable  as  smooth  muscle  cells  which  become  laden 
with  lipid.  We  are,  I think,  in  this  situation  dealing  with  a 
; position  where  the  lipid  could  possibly  come  from  the  serum  but 

probably  does  not  come  from  the  serum  because  it  is  not  hyperchol- 
esterolemic.  So  that  there  is  net  a large  lipid  load  which  would 
be  involved  in  uptake  of  lipids  from  the  serum.  And  the  point  that 
I would  like  to  make  is  that  we  are  dealing  with  a stimulated  art- 
erial wall,  associated  with  smooth  muscle  proliferation,  and  that 
this  goes  on  to  lipid  accumulation  presumably  by  smooth  muscle  cell 
synthesis  of  the  lipids  th-:  are  involved. 

DR.  WERTHESSEK:  Hay  I interject  a question  here?  To  Dr.  Day. 

Why  do  you  r.asume  that  in  * normal  lipemic  serum  state  that  there 
is  not  a flux  of  lipid  through  the  wall? 

DR.  DAY:  I did  not  mean  to  convey  that  impression.  The  changes 

ir.  lipid  composition  that  are  produced  in  the  intima  following 
the  "catheter  injury"  are  however  quite  gross.  The  accumulation 
of  lipid  is  apparent  by  two  weeks,  the  serum  cholesterol  is  of 
course  extremely  low.  It  is  possible  that  you  might  get  a large 
influx  from  the  serum  under  these  circumstances  but  it  is  doubtful 
that  it  would  explain  the  data,  particularly  where  you  have  in 
addition  the  fatty  acid  composition  of  the  lipids  of  the  lesion 
differing  from  the  serum  and  the  normal  intima. 


DR.  BOWYER:  One  of  the  most  important  ways  in  which  choles- 
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eryl  esters  enter  cells,  as  has  been  shewn  by  Verb  and  Cohn  for 
the  macrophage  (416)  is  by  phagocytosis  or  pinocytosis.  Has  Dr. 
Wissler  observed  in  his  cultured  smooth  muscle  cells  soon  after 
addition  of  low  density  lipoproteins  an  increase  in  the  nunfcer  of 
phagocytic  vesicles?  I wonder  also  whether  any  compounds  which 
enhance  phagocytosis,  such  as  Fuftsin  alter  the  lipid  composition 
o the  cells  grown  in  normal  serum  without  the  addition  of  low 
c ensity  lipoprotein.  We  have  now  obtained  evidence  that  certain 
forms  of  acute  damage  to  the  normal  arterial  wall  will  lead  to  an 
alteration  in  turnover  of  lipids,  particularly  phospholipids  as 
revealed  by  incorporation  of  ^H  oleic  acid  or  orthophosphate 
into  a perfused  segment  for  one  hour.  This  i.,  illustrated  in 
Table  XXX  for  an  artery  denuded  of  endothelium  by  treatment  with 
trypsin  in  vitro  and  then  immediately  perfused.  It  can  be  s^_u 
that  the  damage  has  led  to  an  altered  lipid  turnover  (percentage  of 
a lipid  class  labelled  per  hour  by  each  precursor). 

DR.  WISSLER:  The  answer  to  the  second  question  is  no,  we 

have  not  studied  other  kinds  of  substances  that  might  stimulate 
phagocytosis.  It  is  our  impression  that  quite  early  in  these 
cultures  after  low  density  lipoprotein  is  added  that  there  is 
an  increase  in  the  pinocytotic  vacules.  If  I could  have  been  here 
the  first  day  I would  have  shown  a sequence  of  slides  from  the  very 
early  growth  and  stimulation  of  these  cells  through  to  very  mature 
stages  and  late  in  lipoprotein  addition.  But  I think  there  may 
be  very  well  an  increase  in  that  machinery  early  after  the  addition 
of  low  density  lipoprotein. 

I woulc  like  to  ask  Dr.  Smith  how  much  of  the  total  lipid  is 
present  in  the  form  of  lipoprotein,  and  how  much  in  the  form  of 
lipid  not  associated  at  least  immuno logically  with  lipoprotein 
is  present  in  these  various  stages.  I thirk  that  is  a very 
important  point  that  needs  to  be  clarified  for  the  record. 

I would  like  to  point  out  one  other  thing  and  that  is  that  the 
paper  that  probably  impressed  me  the  most  in  Berlin  wac  the  one  of 
the  Steins  with  Dr.  Bierman  on  what  is  happening  with  time  when 
lipoproteins  are  exposed  to  these  ce’  '.s  xn  culture.  It  must  be 
borne  in  mind  that  a fair  amount  of  lipoprotein  may  pass  through 
these  cells  and  still  get  out  in^o  the  media  but  it  is  not  clear 
how  much  of  the  material  could  be  identified  immunologically  as 
low  density  lipoprotein.  For  high  density  lipoprotein  I guess 
about  a third. 

DR.  SMITH:  Dr.  Wissler’ s question  is  most  simply  answered 

with  a Table  (Table  XXXI).  We  can  divide  the  tissue  cholesterol 
into  two  fractions;  (1)  "Residual  cholesterol"  w..ich  is  electro- 
phoretically  immobile  and  remains  in  the  tissue  sample  after 
electrophoresis,  and  (2)  "Lipoprotein-bound  cholesterol"  which 
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TABLE  XXX 


Lipid 

Normal 

3H  18:1 

Trypsin  treated  Normal 

32p 

Trypsin  treated 

LPC 

0.049 

0.080 

0.124 

0.467 

SPH 

0.006 

0.023** 

0.009 

0.044 

PC 

0.223 

0.283 

0.452 

0.297 

PSI 

0.072 

0.686* 

O.t.,3 

1.946 

Unknown 

0.105 

0.213 

1.578 

0.354 

PI 

0.233 

1.340* 

6.612 

5.274 

PE 

0.082 

0.249** 

0.010 

0.207* 

FFA 

0.437 

0.491 

**signif icant 

difference  P<0.05 

TG 

0.230 

0.318 

♦♦■significant 

difference  P<0.01 

CE 

0.204 

0.038*** 

***«signlf icant 

difference  P<0.00 

LPC  * Lysophosphacidyl  choline;  SPH  * Sphingomyelin:  PC  * Phospha- 
tidylcholine; PSI  * Phosphatidyl  serine;  PI  * Phosphatidvl  inositol; 
FFA  * Free  fatty  acid;  TG  * Tri,  veer ides;  CE  * Cholestervl  esters. 

Percentage  turnover  per  hour  of  lipids  of  normal  rabbit 
aorta  and  aorta  damaged  by  treatment  with  trypsin  (0.2") 
for  30  minutes,  as  revealed  by  perfusion  at  physiological 
pressure  for  1 hour  with  Krebs  bicarbonate  buffer  contain- 
ing 3H-oleic  acid  (0.5  -E/ml)  and  3“P  orthophosphate 
(0.944  u moles/ml). 

X turnover/hour  * incorporation  of  lipid  precursor  into  lipid  class 
per  hour  X100 

Concn.  of  lipid  class 

Treatment  No.  observations 


Normal  aorta 
Trypsin 


6 

11 
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migrates  out  of  the  tissue  in  an  electric  field,  and  in  an  anti- 
body containing  gel  forms  a rocket-shaped  peak  vlth  area  proport- 
ional to  the  lipoprotein  concentration  (347).  The  amount  of 
LP-bound  cholesterol  is  calculated  from  the  peak  area  on  the 
assumption  that  the  relationship  between  peak  area  and  cholesterol 
content  is  the  same  for  the  tissue  lipoprotein  and  plasma  lipo- 
protein. Preliminary  preparative  studies  suggest  that  this  assump- 
tion is  valid.  There  is  great  variation  depending  on  the  subject's 
age,  serum  cholesterol  level  and  blood  pressure,  but  on  average  in 
normal  intima  cholesterol  which  is  bound  to  intact  lipoprotein 
accounts  for  2 5- SOX  of  the  total  cholesterol,  and  in  gelatinous  le- 
sions for  40-75Z.  In  one  hypertensive,  hypercbolesterolemlc 
subject  the  lipoprotein  bound  cholesterol  in  the  gelatinous  peri- 
phery of  a large  plaque  was  30  mg/100  mg  dry  tissue. 

In  fatty  streaks  consisting  mainly  of  fat-filled  cells  intact 
lipoprotein  is  invariably  very  low  (348)  and  accounts  for  only  a 
very  small  proportion  of  the  total  cholesterol.  This  is  a most 
consistent  finding,  and  its  meaning  is  not  clear  to  me.  Presuma- 
bly the  fat-filled  cells  are  destroying  lipoprotein  at  a rapid 
rate,  and  one  could  postulate  that  this  is  some  form  of  defense 
mechanism. 

DR.  WOLF:  As  an  auditor  of  this  fascinating  conference  may 

I try  to  put  together  what  I think  I have  learned?  The  fresh  in- 
sights that  were  brought  into  focus  for 
Summary  me  included  the  recognition  that  the 

Statement  basic  mechanisms  of  smooth  muscle  con- 

traction are  essentially  identical  to 
those  of  skeletal  muscle.  Smooth  muscle  differs  from  skeletal 
mainly  in  structural  components  that  allow  for  elasticity  and  for 
the  maintenance  of  tension  with  little  energy  expenditure.  In 
general  the  smooth  muscle  is  more  versatile  than  skeletal  and  in 
some  ways,  to  pH  changes  for  example,  is  also  more  vulnerable. 

In  the  inner  portion  of  the  arterial  wall  smooth  muscle  cells 
are  arranged  in  a radial  or  circumferential  way,  while  in  the 
outer  layers  their  arrangement  is  longitudinal. 

There  are  two  modes  of  contraction  in  vascular  smooth  muscle 
that  appear  to  be  related  to  different  calcium  activating  systems. 
Phasic  contractions  are  generated  by  an  action  potential  (spike), 
while  in  tonic  contractions  a graded  depolarization  takes  place 
without  a spike  discharge. 

IKKE1VATIOH  AMP  HEURAL  MECBAHISMS 


Autonomic  fibers  course  through  muscle  bundles  mating  synaptic 
connections  "en  passage"  with  smooth  muscle  cells  that  are  electro- 
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Conically  connected  with  ocher  neighboring  smooth  Muscle  cells. 

Ac  branching  sices  coronary  arterioles,  like  precapillary  sphincters, 
are  equipped  with  "intimal  cushions".  The  structures  are  richly 
innervated,  containing  at  least  three  different  kinds  rf  nerves. 

In  the  heart  norepinephrine  is  elaborated  by  small  Intensely 
fluorescent  chroaaffin  cells  that  send  processes  to  join  peri- 
vascular plexuses  but,  unlike  post  ganglionic  sympathetic  neurons, 
these  cells  are  not  degranulated  by  6-hydroxydopaaine. 

Arterial  innervation  includes  a repertoire  of  chemo  receptors. 
Moreover  the  distribution  of  receptors  to  vasopressin,  epinephrine 
or  angiotensin  may  differ  along  the  course  of  the  same  artery. 

The  products  of  mast  cells  located  in  the  vessel  wall,  hista- 
mine, serotonin  and  heparin  may  gain  access  to  smooth  muscles 
through  intravascular  trabecular  channels  and  thereby  directly  or 
indirectly  exert  their  Influence  on  r.M  behavior  of  smooth  muscle 
cells. 

Important  characteristic*,  of  smooth  muscle  cells  were  revealed 
by  tissue  culture  experiments.  Low  density  lipoprotein  in  the 
culture  medium  appeared  to  stimulate  cell  growth  and  proliferation. 
Blood  platelets  alio  appeared  to  provide  a powerful  proliferative 
factor,  suggesting  a pathogenic  mechanism  for  atherosclerosis  that 
may  operate  in  the  case  of  endothelial  injury  and  platelet  adher- 
ence. The  p-oliferative  substance  occurring  in  platelets  was 
found  not  to  be  dlalysable.  and  therefore  is  probably  neither 
serotonin  nor  histamine.  Under  anoxic  conditions  smooth  muscle 
cultures  accumulated  lipid  from  serum. 

LIPOPROTEIN  METABOLISM 


The  capacity  of  smooth  muscle  cells  to  synthesize  cholesterol 
appears  to  be  relatively  small.  They  are,  however,  normally  in 
contact  with  serum  lipoproteins  that  enter  the  arterial  wall. 

Their  Involvement  in  the  atherosclerotic  process  is  still  un- 
clear but  it  appears  that  an  abnormal  intimal  accumulation  of  serum 
lipoproteins  results  in  a gelatinous  lesion  which  subsequently 
assumes  a firmer,  fibrotic  character.  As  the  smooth  muscle  cells 
ingest  lipoproteins  readily,  they  are  able  to  catabolize  them  only 
to  a very  limited  degree.  The  lipoprotein  can,  apparently,  be 
"regurgitated"  but  in  the  process  may  leave  behind  some  of  its 
cholesterol,  thereby  accounting  for  the  accumulation  of  intracell- 
ular cholesterol  ester  in  arterial  smooth  muscles  with  age.  An 
atherogenic  diet  appears  to  trigger  an  increase  in  cholesterol  ester- 
ification, a process  that  was  accelerated  by  hypoxia  so  that  the 
smooth  muscle  cell  took  on  the  appearance  of  a foam  cell. 
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CONNECTIVE  TISSUE  METABOLISM 


The  capability  of  smooth  muscles  to  synthesize  and  secrete 
proteoglycans  and  collagen  and  elastin  fibrils  was  emphasized. 

The  intricate  process  controlling  the  synthesis,  arrangement 
and  degradation  of  glycoprotein  myofibrils,  collagen  and  elastin 
and  the  cross  linking  process  are  gradually  coming  to  light  and 
their  disturbed  regulation  offers  an  attractive  candidate  for  a 
piece  in  the  puzzle  of  the  atherosclerotic  process. 

ENDOTHELIAL  RELATIONSHIPS 


The  rate  of  replication  of  arterial  endothelium  is  accelerated 
at  branchings  and  in  association  with  elevated  arterial  pressure. 

The  rate  of  cell  renewal  is  accelerated  by  Injury  and  by  choles- 
terol feeding  but  decreases  with  age.  Indeed,  the  total  arterial 
wall  cell  peoulation  appears  to  decrease  with  age  except  at  the 
sites  of  atheroma. 

The  structure  of  the  arterial  endothelial  lining  in  relation 
to  its  permeability  to  blood  constituents,  especially  lipoproteins 
is  still  the  subject  of  intense  Inquiry.  Plasttt  const Itue-  **  may 
enter  the  arterial  wall  to  some  extent  under  normal  clvcumstonces. 

In  the  presence  of  endothelial  injury  not  only  was  permeability 
to  lipid  enhanced  but  the  pattern  of  lipid  distribution  was  altered. 
Temporary  increased  endothelial  permeability  to  albumin,  LDL  and 
VLDL  was  observed  after  injection  of  very  small  amounts  of  angio- 
tensin II.  The  agent  also  caused  Increased  mitotic  activity  in 
smooth  muscle  cells.  The  Increased  cell  proliferation  antedated 
the  appearance  of  hypertension  in  genetically  hypertensive  rats. 

The  normal  endothellia  was  found  capable  of  transporting  lipo- 
protein molecules  (HDL  and  LDL  but  very  little  in  the  way  of  chy- 
lomicrons) across  the  membrane  via  pinocytctic  plasmalesnal  vesicles. 
Other  evidence  points  to  a control  mechanism  for  uptake  of  mole- 
cule into  the  arterial  wall  via  gap  junctions  that  provide  a 
"metabolic  coupling"  between  endothelial  and  smooth  muscle  cells. 
Irregular  processes  may  protrude  from  capillary  endothelial  cells 
and  modulate  the  process  of  transfer  of  molecules.  Other  evidence 
suggests  that  the  capability  of  endothelial  cells  to  contract  is 
well  established  in  venules  but  still  uncertain  in  the  lining  of 
arteries. 

Perhaps  the  papillary  excrescences  on  the  endothelial  lining 
described  by  Dr.  Una  Smith  may  serve  as  intraluminal  "drag"  recep- 
tors that  through  a local  neural  adjustment  bring  about  changes 
in  arterial  caliber  in  association  with  changes  in  flow.  There- 
fore, a sort  of  velocity  modulator  mechanism  is  postulated  causing 
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the  underlying  Medial  Muscles  to  relax  or  contract.  The  possible 
effect  of  changes  in  arterial  caliber  on  the  transport  across  en- 
i dotheliua  remains  unexplored. 

| Another  factor  that  potentially  enters  the  equation  of  trans- 

endothelial  transport  is  the  "glycocalyx"  coating  of  the  endothe- 
' lial  surface  that  thickens  under  some  circumstances  and  under  others 

is  replaced. 

Following  endothelial  stripping  saooth  muscles  proliferate 
and  form  a layer  over  the  internal  elastic  lamina.  This  pseudo- 
intima  thickens  until  the  endothelial  lining  is  restored.  There* 
after,  the  number  of  smooth  muscle  cells  slowly  decreases.  Species 
differences  may  be  important  with  respect  to  the  formation  of  a 
new  intime.  It  occurs  readily  in  baboons,  not  in  dog. 

The  histogenesis  of  the  smooth  muscle  cell  remains  an  un- 
solved problem.  So  does  its  identity  in  advanced  arteriosclerotic 
lesions  in  relation  to  endothelial  cells  and  macrophages.  Perhaps 
our  most  important  need  at  this  tine,  however,  is  an  understanding 
of  arterial  fluid  dynamics  in  relation  to  endothelial  and  saooth 
muscle  cell  behavior  and  permeability,  especially  as  modified  by 
branchings  and  by  vasomotor  activity. 
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Myof i laments,  14,  67 
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Platelet  factors  as  growth  stimu- 
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Polysaccharides,  1 
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Procollagen  peptidase,  107 
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lase. 107 
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Receptors  on  endothelial  cells. 
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Renin-angiotensin,  248 
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Sensory  nerve  endings,  24 
Shear  stress,  250 
Smooth  muscle 

contractility  of,  1,  7,  14,  64, 
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esophageal,  107 
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intestinal,  35 
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ureteral,  145 
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electrotonic  coupling  of,  20 
growth  of,  65,  67,  77 
histochemistry  of,  143 
immunologic  Identification  of, 
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in  media,  281 
indirect  coupling  of,  20 
innervation  of,  20 
lysosomes  in,  289 
membrane  potential  change  and 
spike  activity,  35,  54 
modified,  285 
phagocytosis  by,  274 
proliferation  of,  281 
regulation  of  contraction,  35, 
40,  52,  139,  323 
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Sodium  pump  in  the  control  of 
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tion, 35,  47,  323 
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Spontaneous  action  potentials,  35 
Stigmata  in  endothelium,  223,  228 
Stomata  in  endothelium,  223,  228 
Striated  muscle,  1 

contrasts  with  smooth  muscle, 
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pectoral,  168 
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Sulphated  mucopolysaccharides, 
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Sympathetic  ganglia,  33 
T system,  51,  56 
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Tetrodotoxin,  55 
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Vascular  dynamics-rate  of  flow,  229 
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